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Abstract:
A conceptual high-temperature battery system for large-scale grid power applications was
proposed, described, and evaluated. Unlike conventional battery technologies whose
maximum current rate is constrained by at least one solid phase, the novel three-layer
liquid-phase electrode-electrolyte-electrode cell facilitates high diffusivity and facile
interfacial kinetics, which results in rapid ion transport and low activation overpotential.
In addition to the extremely high currents enabled by the absence of solid-liquid
interfaces, this cell configuration represents a robust design that can be easily
manufactured. The molten components will self assemble due to their immiscibility and
different densities. Another key feature is that a molten metalloid acts as the positive
electrode, while an alkali or alkaline earth metal acts as the negative electrode, providing
two electronically conductive molten electrodes. The cell is estimated to have a lifespan
of 10-15 years with >3,000 deep-discharge cycles, to require minimal maintenance, and
to supply 1-5 A/cm 2 at 0.9 V with 80% DC-DC cycle-efficiency.
One embodiment comprising electrodes of magnesium (negative) and antimony
(positive) and a molten sulfide supporting electrolyte served as the basis for a detailed
feasibility assessment (alternative electrode and electrolyte materials were also
discussed). A cost model was created based on an entire battery system, which included
top and bottom current collectors, a corrosion resistant sheath, insulation, and other
components. Materials were selected based on corrosion resistance, mechanical stability
at the operation temperature, and cost. A DC-battery was estimated to cost $35-60/kWh.
An AC-compatible system would also require power electronics, at an additional cost of
$50/kWh. With a 50% gross margin on the battery unit, the price of an AC-system was
estimated to be $120-170/kWh.
Market analysis was performed to assess the commercial viability of a large-scale
electricity storage device. A stand-alone, load-leveling device was found to generate
minimal revenue, while a system for transmission-line and distribution-system upgrade
deferral was found to be a much more attractive proposition. System requirements for
this application include 75% AC-AC cycle-efficiency, >1 MW capacity, 8-hour discharge
duration, re-locatable, a footprint <100 m2/MW, and a 10-15 year lifespan. Extensive
market penetration would occur with a price of $150/kWh, which is achievable by the
proposed system. Support for intermittent renewables is possible under circumstances
where they contribute to more than 10% of the grid power.
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Chapter 1 - Introduction
Recently, global climate change, American dependence on foreign oil, and the high price
of gasoline have captured the public's attention. Although the consequences of these
problems are extensive - affecting everything from the health of the planet to national
security to the cost of living - they ultimately deal with one underlying issue: energy.
Society has received tremendous benefit from the abundance of low cost energy, but as
high quality fuels (namely, free-flowing oil) are slowly exhausted, the results could be
dire. If society is to survive the transition into a world without inexpensive energy, the
manner is which we obtain, store, transport, and consume energy will have to undergo
significant changes.
Renewable energy sources - such as wind and solar - can make major contributions to a
remodeled energy infrastructure, but their intermittency limits the scale of their
deployment. Large-scale energy storage devices could provide support for intermittent
renewable energy sources, allowing for broad-scale deployment, enhanced power quality,
and improved reliability. Additionally, the proposed energy storage technology has other
grid power applications such as transmission-line and distribution-system upgrade
deferral and commercial energy management.
The proposed battery is well suited for large-scale grid power applications because of its
expected long lifespan, low cost, and small footprint. Novel features - including its self-
assembling attribute, large energy capacity, and very high current density (up to 5 A/cm 2)
- make this system appealing for many applications. At the time this report was written,
the technology was still in a conceptual stage, with most of the work focusing on
literature research and system design; however, based on the performance of comparable
systems and known material properties, this technology is predicted to outperform and
out-price existing systems.
In the winter of 2005/2006, an impaired natural gas market - affected by the devastating
hurricanes that hit the US Gulf region in the fall of 2005 - nearly led to rolling blackouts
in New England, USA [1]. Power lines in Connecticut have been severely overloaded,
resulting in much higher consumer electricity prices, and motivating Connecticut Light &
Power to spend $900 million to install new lines [2]. Summer power demand in Ontario
in 2007 has exceeded supply, requiring the province to import electricity from Michigan,
New York, and Quebec [3]. Tens of thousands of New York residents were forced to live
without power for 10 days during a heat wave in July 2006 [4]. In the US alone, more
than 500,000 business and consumers experience electrical power problems every day,
with the average power outage lasting two hours. In a recent US survey, 60 percent of
the respondents expect that their business will experience a power outage this year; with
"38 percent of large businesses estimating that one full business day of downtime would
result in $500,000 in lost revenue, and 15 percent forecast one-day losses of $2 million or
more" [5]. The cost of unreliable power to the US economy is estimated at a staggering
$104-$164 billion [6]. These are just a few examples of the strained power grid in North
America.
The benefits of reliable power are clear and significant. Power producers and
distributors can use energy storage devices to increase efficiency and stability, and
customers can use it to supply back-up power during a blackout or to improve power
quality.
So why don't businesses use existing technology to achieve these benefits? Current
technologies - such as lead-acid batteries or pumped hydro - have limitations when it
comes to grid-power applications. They may be cheap and have a long shelf-life, but
very few technologies can undergo the daily deep discharges required throughout 5-15
years of service. Technologies that can meet these demands are typically very expensive
or are geographically limited. With a lower price and an extensive cycle-life, the
proposed technology is viewed as an enabling technology that will not only compete and
win in existing markets, but will open up previously unobtainable markets.
Work done fbor this thesis focused on designing the system, as well as estimating the
expected performance characteristics and production cost. Comparisons were made
against competing technologies, applications were found, and markets were identified.
Existing intellectual property was investigated, and a business plan was developed. The
report concludes that if the technology can be demonstrated within the laboratory a
considerable commercial opportunity exists.
1.1 Motivation
Work on this topic was inspired by the need to store energy from renewables such as
wind and solar power. Without storage, broad-scale deployment of these renewables is
difficult and inefficient due to the intermittent supply of these systems. However, most
power markets are not set up to reward power plants for being reliable or consistent.
Although this is still an intriguing market, much of the author's efforts were focused on
supporting the power grid as a whole rather than direct support of renewables. If the
technology can be proven to work in other grid-power applications, transitioning to the
support of wind turbines or photovoltaic arrays will be occur, given proper market
incentives.
The first market that was analyzed was grid-power load-leveling viz. buying and selling
electricity on the open market. Daily demand fluctuates in a semi-predictable diurnal
manner. Demand is low at night while people are sleeping and their appliances are off,
and it is high during the day. In the summer months, the daytime demand is much higher,
primarily due to the use of air-conditioners. In northern climates, heating during winter
months can also bring increased demand. This diurnal demand fluctuation exists
throughout the US and most of the developed world, as is illustrated in Figure 1.1 A.
Since electricity is often sold on an open market, it is no surprise that the price of
electricity follows demand, as Figure 1.1B.
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Figure 1.1: A) Diurnal electricity demand in New England, USA, July 10-16,
2006 [7]. (Lines represent forecasted load, cleared load, and actual load, but
their distinction is not important.) B) Summer electricity price fluctuations in
New England, USA, July 10-16, 2006 [8].
Although prices generally follow demand, Figure 1.1B also displays deviations:
unexpected weather conditions and unplanned outages affect the price in an unpredictable
manner. Despite these deviations, most days still have a period where the price is low
and a period where the price is high.
The simplest and most obvious method for generating revenue through electricity storage
is to "buy low and sell high". Buying electricity at night and selling it back to the grid
during peak hours of the day can generate revenue - this is known as load-leveling or
peak shaving. For the days shown in Figure 1.1 B, this means that owners of a device
could purchase electricity for -$40/MWh during the nights of July 10-17, and sell it back
the following day for -$100/MWh. Although this is a perfectly valid business model, the
report discusses that the potential revenue for this application is limited, requiring many
years to pay back the capital cost. There are, however, more alluring niche markets
within load-leveling, such as transmission-line and distribution-system upgrade deferral
and increasing power reliability. These markets will be discussed in Chapter 4.
It should also be mentioned that there is a disconnect between open market electricity
prices and the cost of electricity charged to common users. In most deregulated markets,
power producers sell their electricity on an open market. Distributors purchase this
electricity and correspondingly deliver it to their clients; however, distributors charge a
flat cost and absorb the fluctuations. This means that there is no incentive for homes or
most commercial buildings to conserve energy during the day, or load-shift energy
intensive processes from the day to the night. However, in due time, this system may
evolve and give consumers incentive to shift daytime electricity consumption into the
nighttime.
Regardless of who pays for the fluctuations, a volatile market leads to system
inefficiencies, which in turn, provides a commercial opportunity for storage technologies.
1.2 Conceptual Development
The initial design of this energy storage device was conceived in the fall of 2005 by
Professors Donald Sadoway and Gerbrand Ceder (Department of Materials Science and
Engineering, MIT). The design specified a three-layer molten system, with a molten salt
electrolyte separating two molten reactants. The author investigated materials that would
be suitable for the proposed design, and determined that both reactants would need to
conduct electrons in order for the system to run reversibly. The author uncovered that
tellurium (a metalloid) conducts like a metal while molten, but is able to react with
'stronger' metals (such as magnesium) as though it were a non-metal: using a metalloid
reactant is one of the key features of the proposed technology. It was at this point that he
was added as a co-inventor. Further work with his supervisors led to the selection of
antimony and bismuth (neighboring metalloids) as prime candidate elements for the
active anion.
The initial concept, however, was inspired by the electrolytic production of aluminum
which is renowned for its enormous power consumption. If a similar process could be
made reversible, it could store and release huge quantities of electricity.
Aluminum is produced from alumina (A120 3) which is purified from ore that is mined out
of the ground via the Bayer process. The aluminum and oxygen are very tightly bound,
but their bonds can be broken by injecting a large amount of electrical energy, splitting
alumina into aluminum and oxygen. The aluminum is dense, so it sinks to the bottom of
the cell where is periodically siphoned out. The oxygen subsequently reacts with the
carbon anode and is vented as CO 2.
Aluminum plants can consume over 300,000 A at 4 V (1.2 MW), but the systems are
unable to run reversibly because the CO2 product escapes. If, however, both products
could be stored as condensed phases, the cell could be run in reverse, thus providing
energy back to the grid and acting as an energy storage device. The system also requires
that the two molten products and the molten salt electrolyte have appropriate density
differences, thereby enabling the cell to 'self-assemble'.
In designing a condensed phased system, oxygen was replaced with a dense metalloid -
such as antimony, and a more electropositive and low density metal - such as
magnesium, was chosen to replace aluminum. The proposed technology that this thesis
analyzed dissociates Mg3Sb2 into magnesium and antimony and the proposed cell is
shown in Figure 1.2.
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Figure 1.2: Discharge process of the proposed design.
The proposed system will likely operate above 7000C to ensure all of the components are
liquid. During discharge, molten magnesium and antimony are consumed and become
part of the electrolyte. The cell can be recharged by supplying current in the opposite
direction, which produces magnesium at the top and antimony at the bottom. Further
details of how the system operates, the selection criteria for the molten and solid-state
components, and the expected performance characteristics were discussed in Chapter 2.
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Chapter 2 - The Technology
The proposed system has novel features that are predicted to make it highly robust,
reliable, long lasting, and cost-effective. One intriguing feature is that the proposed
system utilizes differences in the densities of the molten components to 'self-assemble',
which will reduce manufacturing and assembling costs. A system utilizing molten
electrodes and a molten electrolyte is also very durable, avoiding common failure
mechanisms experienced by systems that use a solid electrolyte or electrodes, and/or
involve a phase change.
However, the key - and perhaps the most unconventional part of this technology - is that
the system utilizes two liquid metal reactants, thereby allowing the system to be
reversible, possess high kinetics, and ensure simple manufacturing.
Conventional electrolytic production of metal dissociates a compound (such as A120 3) to
yield a metal (aluminum) at one electrode, and a gaseous non-metal (oxygen) at the other
electrode. In these systems, the molten metal also acts as the electrode, allowing
electrons to pass to the metal-compound interface. However, on the other electrode, the
gaseous product creates two problems. Firstly, gases are extremely low density and
therefore have a low concentration, greatly limiting the overall reaction rate, as well as
requiring large storage vessels if they are to be reused. Secondly, gases do not conduct
electrons, therefore requiring an additional current collector to conduct electrons to and
from the interface between the gas and the active compound.
The first problem is easily addressed by replacing oxygen with sulfur or selenium, which
would replace the gaseous product with a liquid (this assumes that the operating
temperature is below the boiling point of sulfur, 4450 C, or selenium, 6850C).
However, the solution to the second problem was not as apparent - sulfur and selenium
do not conduct electrons, nor do most elements that are generally associated with the
"non-metal" part of a compound. Without a conducting reaction product, the reversible
reaction interface is limited to a one-dimensional region at the triple-phase boundary
between the product, compound, and the current collector, as shown in Figure 2.1.
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Figure 2.1: Sodium-sulfur system with a non-conducting product, operating
below the boiling point of sulfur (445TC).
Figure 2.1 is a conceptual cell design with three molten components, modeled off of the
Hall-H6roult cell which produces aluminum. However, this design has a non-conducting
liquid sulfur cathode, thereby requiring the current collector (cell floor) to rise up and
penetrate into the electrolyte. In this configuration, the lower portion of the protruding
cell floor is surrounded by molten sulfur, while the top portion is surrounded by the
molten electrolyte. Since sulfur ions are insoluble in sulfur, and neither the sulfur nor the
electrolyte conduct electrons, the only reaction interface is a one-dimensional triple-phase
boundary that encircles the protruding cell floor at the sulfur-electrolyte interface. This
one-dimensional interface reduces the active surface area of the lower reaction site and
limits the current flow to a mere trickle. A current collector would also add weight, bulk,
and cost in the form of a non-reactive component. It may be possible to create a complex
current collector with a larger surface area, but this would inevitably make the system
more complicated, less reliable, and more expensive. (Note: the need to create a triple-
phase boundary is one of the challenges facing hydrogen fuel cells).
Work led to heavier elements in the periodic table and it was recognized that certain
metalloid elements with a moderate electronegativity (1.9-2.1 on the Pauling scale), such
as tellurium and antimony - could behave as a non-metal when partnered with metals that
have a very low electronegativity (0.8-1.3), such as sodium, magnesium, or lithium (also
referred to as 'electropositive' elements). The difference between the electronegativities
is a key factor that determines the dissociation potential of a resulting compound. (For
comparison, halides, oxygen, and sulfur have high electronegativities of 2.8-4.0).
Theoretical work shows that tellurium compounds yield dissociation potentials near IV,
while antimonide compounds have dissociation potentials in the range of 0.42V to 0.65 V
(although the effect of activities and non-idealities may increase the cell potential to
0.9 V - this will be discussed in Section 2.3). Although these potentials fall short of the 2
V obtained by sodium sulfur cells, or the 3 - 4 V obtained by modem Li-ion cells, it is
believed that the advantages of the proposed system more than make up for the reduced
potential.
Figure 2.2 is a conceptual cell that also contains three molten components; however, the
non-conducting sulfur layer (on the bottom of the cell in Figure 2.1) is replaced with a
conducting antimony layer. This allows electrons to flow between the conducting cell
floor and the antimony-electrolyte interface without the need for a protruding current
collector. The resulting reaction interface is increased from a one-dimensional line to a
two-dimensional surface, thereby greatly increasing the current capacity of the system.
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Figure 2.2: Magnesium-antimony system with two conducting products.
Both electrode-electrolyte reactions occur across a two-dimensional
interface, potentially providing an exceptionally high current density. Flow
of electrons shown during discharge.
In addition to increasing the reaction interface from a one-dimensional line to a two-
dimensional surface, depositing ions onto their molten metal (i.e. deposit Mg2+ on to
molten Mg) removes one of the three kinetically limiting steps. For example, in a usual
aqueous redox reaction, an ion must diffuse to the reaction interface, gain or loose an
electron, then diffuse away from the interface. In the case where Mg2+ gains two
electrons, it becomes Mg and instantly becomes part of the electrode with no need to
diffuse back into the electrolyte. By avoiding one of three rate limiting steps and
operating at elevated temperatures, this system is predicted to experience very fast
kinetics.
With the general framework of the electrochemical cell conceived, effort was taken to
develop a more comprehensive design in order to develop a cost model and perform an
economic assessment of the technology. In addition to the individual electrochemical
cell(s), a marketable electricity storage system must include other components, such as
insulation and supporting power electronics. Even the battery itself will not simply be
one large cell, but rather, it will be comprised of many (perhaps hundreds) of cells
connected in series in order to increase efficiency (discussed in Section 2.6). Since these
cells are the unique feature of the energy storage device, this report focused on the
production of individual cells, while accounting for the remaining components.
2.1 Cell Design
Many factors were considered in the design of the cell. The shape and geometry of the
cell components were kept simple to ensure inexpensive and straightforward
manufacturing, and the materials were selected based on their corrosion resistance,
availability, and low cost.
Figure 2.3 shows a cross-sectional diagram of the proposed technology that this report
will analyze. Magnesium (Mg) and antimony (Sb) were selected as the active molten
components, with a supporting electrolyte of sulfides. Liquid magnesium has a lower
density (1.5 g/ml) than the liquid electrolyte (2 - 4 g/ml), so it floats on top. Liquid
antimony is very dense (6.5 g/ml), so it sinks to the bottom. The difference in their
densities is one of the key features of this cell which allows it to self-assemble upon
melting, ensuring a robust design and providing for simple manufacture and assembly.
The reasons behind the specific selection of magnesium and antimony will be discussed
in Section 2.2.
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Figure 2.3: Conceptual design for a Mg-Sb high-temperature self-
assembling cell.
The width (50 cm) and length (not shown) are arbitrary - presuming the cell remains
mechanically sound. The height (40 cm), however, is determined by the energy capacity
of the cell, which in turn, is determined by the current density and discharge duration.
Rather than referring to either end as the anode or cathode (as is done with many
electrochemical systems), the 'positive terminal' (+) or 'negative terminal' (-) convention
has been adopted to avoid ambiguity when dealing with a rechargeable cell. One can
consider the positive terminal to always be at a higher potential than the negative
terminal.
A more detailed description of the cell components is discussed in Section 2.7, but it is
worth giving a brief description now.
Top Current Collector:
* As an 'inactive' component (not engaged in the chemical reaction), the top
current collector simply allows electrons to pass between an external source or
sink and the molten magnesium electrode. It is also acts as the negative
terminal.
Bottom Current Collector:
* Similar to the top current collector, this is also an inactive component that allows
electrons to pass between the cell wiring and the molten antimony electrode. The
bottom current collector also acts as the cell housing, supplying mechanical
support to the potentially fragile sheath.
Cell Wiring:
* This component is designed to conduct electrons from the bottom current
collector of one cell to the top current collector of an adjacent cell, thereby
allowing cells to be easily connected in series. It also acts as the positive
terminal.
Seal:
* The seal must be electronically insulating to ensure no current passes directly
between the top and bottom current collectors. It should also 'seal in' all of the
molten components and ensure that no vapors leak out.
Sheath:
* The electrolyte is particularly corrosive, so an anti-corrosion sheath is used to
protect the bottom current collector. This component also acts as electrical
insulation, separating the top molten electrode from the bottom current collector.
Electrolyte:
* This molten component must be immiscible with molten magnesium and molten
antimony, allow for the diffusion of Mg2+ and Sb3- ions, be electronically
insulating, and ionize the molten product, Mg3Sb 2. Some potential electrolyte
components are Na2 S, Li2 S, CaS, Na2Se, Li2Se, and Na3Sb.
Molten Magnesium (Negative) Electrode:
* Molten magnesium is an active electrode and is reversibly consumed during the
discharge process. It also allows electrons to conduct between the top current
collector and the electrode-electrolyte interface.
Molten Antimony (Positive) Electrode:
* Molten antimony is an active electrode and is reversibly consumed by reduction
during the discharge process. It also allows electrons to conduct between the
electrode-electrolyte interface and the bottom current collector.
Gas Layer:
* The discharge reaction results in a slight volume decrease of the molten
components, therefore, an inert gas layer must be included in order to account for
the resulting volume change.
Great effort was taken to keep the design as simple as possible while minimizing cost and
to ensure the components will for a long time (>15 years). In addition to the listed
components, reliability and safety concerns may result in the need for a safety pressure
value. The addition of this component is not expected to significantly affect the cost
analysis.
The design constraints and material selection for each of these components will be
discussed in Section 2.7.
2.2 Cell Manufacturing
In addition to its simple geometry, the cell was also designed for easy manufacturing.
Developing the specific manufacturing processes of the battery unit is outside the scope
of this thesis, but a general process can be described:
1. Manufacturing:
a Manufacturing of individual solid-state components can be done
separately, namely, the top current collector, bottom current collector,
sheath, and cell wiring.
2. Production of molten precursor components:
o Two electrodes (Mg and Sb) and electrolyte will be produced, most likely
as billets.
3. Construction:
o The sheath is 'slid' into the bottom current collector.
o The powder molten precursor components will be poured into the bottom
current collector-sheath assembly.
o Sealant is applied to the top rim of the bottom current collector.
o The remaining space is filled with inert gas.
o The top current is collector and sealed in place.
o Cell wiring is attached.
Rather than purchasing capital equipment to produce the components in-house, the
manufacture of solid-state components and production of molten-precursors can be
outsourced. A startup company can focus on working with the engineering/chemical
firms to develop and produce the components, and assembly can occur within the
confines of the startup company's facilities. However, once the design and chemical
composition have been established and a revenue stream has been generated, it is likely
desirable to fabricate most of the components in-house to maximize profit, control the
quality of components, and keep manufacturing processes proprietary if desired.
2.3 Cell Operation
In conventional batteries, ions are produced at an electrode-electrolyte interface. The
ions diffuse across the electrolyte, then take part in (or assist in) a reaction at the other
electrode-electrolyte interface. However, in the proposed system, metal from the both
electrodes, namely, Mg and Sb, react to form a reaction product, Mg3Sb2 (also referred to
as the cell feed). Mg3Sb 2becomes part of the electrolyte, rather than diffuse across it. The
flow of electrons and ions through the cell is shown in Figure 2.4.
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Figure 2.4: Discharge process of a single cell. Steps are indicated by circled
numbers and described in the text. During charging the ion and electron
flow directions are reversed.
Figure 2.4 summarizes the processes involved in the discharge of the cell and it is worth
explaining the steps in detail. Each step in the figure has been indicated with a circled
number:
* Step 1: Cells will be arranged in series (the positive terminal will be connected to
the negative terminal of an adjacent cell). During discharge, electrons flow from
an adjacent cell (or from an external source) into the "cell wiring", and then into
the bottom current collector.
* Step 2: The electrons travel through the bottom current collector into the molten
antimony electrode. The electrons are blocked from traveling to the top current
collector by the insulating seal.
* Step 3: Molten antimony is conductive and allows electrons to pass from the
bottom current collector to the antimony-electrolyte interface. The electrons are
unable to travel into (or across) the electrolyte because it is electronically
insulating. Therefore, the charge must be transferred from the electron to an ion
(Sb3 ) in order for the charge to pass across the electrolyte.
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* Step 4: At the antimony-electrolyte interface, the following half-cell reduction
reaction takes place: Sb + 3e -4 Sb3-.Antimony is reduced to Sb3-by gaining
three electrons and Sb3- diffuses away from the interface, into the electrolyte.
* Step 5: At the magnesium-electrolyte interface, the following half-cell oxidation
reaction takes place: Mg -) Mg2+ + 2e-. In this half reaction, two electrons are
lost, which travel up through the molten magnesium. The Mg2+ ion diffuses into
the electrolyte.
* Step 6: Molten magnesium is electronically conductive, so electrons flow
through it and travel up to the top current collector.
* Step 7: Electrons pass from the top current collector and into another cell, or
leave the battery where their energy can be utilized.
During discharge, electrons exiting the cell are at a higher potential than the electrons
entering the cell. It is the combination of the energy difference between the entering and
exiting electrons (voltage, V) and the total flow of electrons (current, I) that define the
power of the system. The power of an electrochemical cell is defined as the voltage
times the current (V x I) and is a measure of the amount of energy passed per unit time,
usually expressed in Watts (W) for electrical systems. Energy can be described in units
of Watt-hours (Wh) which can be calculated by the power (W) times the discharge
duration (h). This is a more tangible convention that expressing energy in terms of
Joules.
As a result of the discharge process, magnesium and antimony are consumed during cell
discharge producing Mg2+ and Sb3- ions which become part of the electrolyte. Since the
total amount of matter in the system doesn't change, the process results in the shifting of
the electrolyte-electrode interfaces, as shown in Figure 2.5. Since all of the reactions are
reversible, the charging process is simply the reverse of these steps, resulting in the
production of magnesium at the top electrode-electrolyte interface and antimony at the
bottom electrode-electrolyte interface. The electrolyte volume increases during
discharge, and decreases while charging. It is also worth noting that there is a slight
reduction in volume for the overall discharge reaction (3Mg + 2Sb - Mg 3Sb 2) which
lowers the top surface; however, for these components, the volume change is expected
insignificant at -1%.
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Figure 2.5: Cell charge (A) and discharge
(B) proesses.
(B) processes.
The two half reactions during discharge are shown below in Eq. 2.1 and Eq. 2.2. The cell
potential (cell voltage) is determined by the potential difference between the electrons
involved in each of the two half reactions. However, the theoretical method to determine
the cell potential is not based on the half cell potentials; but rather, it is calculated from
the change in Gibbs Free energy (AG) of the overall reaction, Eq. 2.3:
3Mg4 3Mg2+ +6e- (Eq. 2.1)
2Sb + 6e -4 2Sb3 . (Eq. 2.2)
3Mg + 2Sb -Mg 3Sb2  (Eq. 2.3)
The process for calculating the cell potential is discussed in the following sections.
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2.3.1 Dissociation Potential
Along with the current, the cell potential is crucial in determining the power of a cell.
The cell potential refers to the voltage difference between the terminals at any period of
operation. When the system is disconnected from a power supply or a load, the resulting
cell potential is known as the Open Circuit Voltage (OCV). The OCV will be a function
of the level of charge or discharge, based on the changing concentration of Mg 3Sb2 in the
electrolyte. During charge or discharge, an overpotential will be applied. The
overpotential will charge the system at a voltage slightly higher than the OCV, and
discharged at a voltage slightly lower than the OCV; these deviations from the OCV will
decrease the cycle-efficiency. Before inefficiencies can be estimated, the theoretical
OCV should be calculated. The first step in estimating the OCV is determining the
dissociation potential of the active compound, Mg3Sb2 (also referred to as the 'cell feed').
The thermodynamic parameter of interest is the Gibbs free energy of formation, AGO.
AGo is comprised of two thermodynamic functions, enthalpy, AHo, and entropy, ASo, as
well as temperature, T, as shown in Eq. 2.4. The 'O' donates a standard state where the
activities of the components are unity or equal to one another, but does not specify a
temperature.
AGO = AHo - TAS o  (Eq. 2.4)
A Go, A Ho, and A So are also dependent on temperature; however, this is generally a weak
dependence. For systems with condensed phase products and reactants, the entropy
component, TA So, is much smaller than A Ho.
The dissociation potential, cO, is calculated by using the change in Gibbs free energy of
formation, AGO, the number of electrons involved in the reaction, n, and Faraday's
constant, 3=96,485 C/mol, as shown in Eq. 2.5.
_ AGO (Eq. 2.5)
n3
Since AG' is negative for reactions of interest, the dissociation potential will be positive.
In order to maximize power, energy and efficiency, a larger OCV is desired.
AG' values were obtained from HSC software [9] and displayed on a AGo vs. T graph. If
the AGo values are plotted for compounds that have a coefficient of 'l/n', the compounds
will appear in an order proportional to their dissociation potentials, with smaller OCV's
appearing at the top. This type of plot is known as an Ellingham diagram, and an
example is shown in Figure 2.6.
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Figure 2.6: Change in Gibbs free energy of formation (AG°) from 5000C to
10000C 191.
In addition to Mg3Sb2, other compounds are listed such as K2S, Na2S, MgS, Li2S and
CaS. Since these compounds are lower on the diagram, they will dissociate at a greater
potential, suggesting that they will make suitable compounds for the supporting
electrolyte. If a compound dissociates before the intended active compound, it will not
make for suitable supporting electrolyte material.
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The source of the slope in the lines is due to entropy, ASo. For an oxide Ellingham
diagram, the slopes of most oxides are clearly positive because gaseous oxygen reacts to
form a solid or liquid oxide, which in turn, greatly decreases overall the entropy of the
system (ASo<0). For compounds formed from condensed phases there is less temperature
dependence; however, the change in entropy is still expected to be negative. Additonally,
the bonds holding a compound together weaken as the temperature increases, causing
AHo to become less negative, further adding to the positive slope. Ultimatley, for most
compounds, A Go becomes less negative as the temperature increases, therefore, a higher
temperature yields a smaller dissociation potential and therefore a lower OCV.
The resulting dissociation potential for Mg 3Sb2 over a range of temperatures is shown
below in Table 2.1:
Mg 3Sb 2
Temperature (TC) Dissociation Potential (V)
500 0.45
600 0.44
700 0.42
800 0.40
900 0.38
Table 2.1: Dissociation Potential of Mg 3Sb2 [91
The melting point of Mg3Sb2 is 6500C, so a cell operated at 7000C would have a
dissociation potential of 0.42 V; however, the effect of the activities will increase the cell
potential, as discussed in Section 2.3.2.
There is sparse thermodynamic data on most antimonides, but a few values for the Gibbs
free energy were published on Na3Sb by A. G. Morachevskii, 2000, [10] and found
through CrossFire database. At 3260C, AGo= -208 kJ/mol. Assuming a temperature
dependence similar to the compounds shown in Figure 2.6, it is predicted that at 7000 C,
AGo = -183 kJ/mol. With n=3, the dissociation potential of Na3Sb at 7000C is calculated
to be 0.65 V. This is 54% larger than Mg3Sb2 , and as such, sodium may replace
magnesium as the active species in future designs; however, a high vapor pressure
(100 Torr at 7000C) and reactivity with water makes it difficult and dangerous to work
with at elevated temperatures, so initial demonstration models are being designed with
Mg as the intended active species.
Additionally, if Na2S is included in the electrolyte, it is not clear whether or not Na will
dissociate before Mg. MgS has a larger dissociation potential (1.67 V) than Na2S
(1.63 V), but Mg3Sb2 has a smaller dissociation potential that Na3Sb. The metal that will
dissociate first will be based on the minimization of Gibbs free energy, but since there is
limited data on most antimonide systems of interest, a reliable theoretical calculation
could not be made. Therefore, it is suggested that laboratory research be performed to
see which metal dissociates first.
The theoretical dissociation potentials for various selenides, antimonides, arsenides and
tellurides are shown below in Table 2.2.
Na2Te
Na2Se
Na3Sb
Na3As
MgS
MgSe
MgTe
Mg3Sb 2
1.35
1.20
0.54 (?)
0.3(?)
1.66
1.30
1.00
0.42
Li2Se
Li2Te
Li3Sb
K2S
K3Sb
K2Te
CaS
CaSe
CaTe
Ca3Sb2
1.87
1.60
0.9 (?)
1.60
0.9 (?)
0.75 (?)
2.30
1.80
1.40
1.08 (?)
Table 2.2: Dissociation potentials of candidate molten compounds. '(?)'
indicates significant uncertainty [11]
Since antimonides dissociate at a smaller potential than their sulfide, selenide, or telluride
counterparts, it suggests that sulfur, selenium, and tellurium will be suitable components
of the electrolyte. Table 2.2 includes values that have significant uncertainty (indicated
by '(?)'), implying that data for that compound may not be reliable based on the year it
j
was collected, the number of references that were cited, or that the value was
significantly extrapolated.
2.3.2 Effect of Activity
The dissociation potential is analogous to the standard potential of an aqueous
electrochemical redox reaction. These potentials are both influenced by the activity of
the species involved in the reaction, thus affecting the OCV. The reaction of interest is
shown in Eq. 2.6.
3Mg + 2Sb _- Mg3Sb2  (Eq. 2.6)
The theoretical cell potential, e, is related to the non-standard state of Gibbs free energy,
AG, as shown in Eq. 2.7a. This equation is similar to Eq. 2.5, however, unlike AGo, AG
also accounts for activities, as shown in Eq. 2.7b. The result is that the cell potential is
related to the activity of the species involved in the reaction, namely, aMg, asb, and aMg3Sb2.
The resulting relationship is known as the Nernst equation, and shown in Eq. 2.7c. ('R'
is the ideal gas constant, 8.314J/mol-K, and '3 ' is Faraday's constant, 96,485 C/mol).
AG (Eq. 2.7a)
n3
G =AG RTIn aMg3Sb2 (Eq. 2.7b)
-RTn aMg3Sb2
RT In aMg(aSb) 2  (Eq. 2.7c)
The number of electrons involved in this reaction is 6, so n = 6. The activities are
proportional to the molar fraction, X, and a non-ideality term (activity co-efficient), y, as
shown in Eq. 2.8a-d.
aMg = yMg XMg (Eq. 2.8a)
aSb Sb * XSb (Eq. 2.8b)
aMg2+ = YMg3Sb2 XMg3Sb2 (Eq. 2.8c)
The deposition of a metal onto itself behaves ideally, so YMg and Ysb are equal to 1. These
considerations resulted in a revised Nernst equation, as shown in Eq. 2.9.
S= RT (Mg3b2 XMg3sb2) (Eq. 2.9)
nFl (XMg (XSb )2
While the mole fraction of Mg and Sb in their respective electrodes will change very
slightly (due to impurities in the electrode), the concentration of Mg3Sb2 in the electrolyte
will change significantly. Mg3Sb 2 accumulates in the electrolyte throughout the
discharge cycle, so the concentration of Mg3Sb 2 is dependant on the level of discharge.
The mole fraction, XMg3Sb2, is equal to the number of moles of Mg3Sb 2, NMg3Sb2, divided
by the total number of moles in the system, namely, NMg3Sb2 plus the number of moles of
supporting electrolyte, NSupportingElectrolyte. The resulting mole faction can be calculated as
shown in Eq. 2.10.
NMg3Sb2 (Eq. 2.10)
NMg3Sb2+ NSupportingEleetrolyte
The performance of a model system was calculated. The system comprised of the
number of moles listed in Table 2.3.
Mg
Sb
Pb
Na2S
Number of
Moles
3.5
2
0.02
2
Table 2.3: Number of moles of molten species in the model system.
Lead (Pb) was included as an additive in the antimony electrode. By including small
quantities of Pb, the mole fraction of Sb in the electrode dropped significantly as the cell
neared a discharged state. This sudden drop in the cell potential can be used to monitor
the system and indicated the cell should not be discharged further.
As the cell discharges, Mg and Sb are consumed, increasing the molar fraction of
Mg3Sb2. Rather than supplying a stoichiometric ratio of Mg : Sb of 3 : 2, excess Mg was
included so that Mg will be present even in the fully discharged state. This will allow
molten Mg to remain in contact with the top current collector. For the model system, a
fully discharged state would consist of an electrolyte with 1 mole of Mg 3Sb2 and 2 moles
of Na2S (supporting electrolyte). The maximum concentration of Mg3Sb2 in the
electrolyte of a real system is not known, but it is estimated to be >10 mol% (based on
the solubility of tellurides in sulfides).
Using Eq. 2.9 and assuming that all the activity coefficients are equal to one (a large
assumption), the resulting cell potentials at 5000C, 7000 C, and 9000C were calculated and
shown in Figure 2.7A. Figure 2.7B shows the cell potential of the same model system,
but plots the potential as a function of the level of discharge, assuming a 100% discharge
when all of the antimony has been consumed and the electrolyte reaches 33 mol%
Mg 3Sb2.
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Figure 2.7: Theoretical open circuit voltage (OCV) of a model Mg-Sb system as
a function of Mg3Sb2 in terms of concentration (A) and level of discharge (B).
The average cell potential is estimated at 0.44 V (at 50% discharge). Note that this is
+0.02 V (+5%) larger than the dissociation potential of 0.42 V as initially calculated.
The cell potential drops significantly as the cell nears a discharged state because of the
lead added to the antimony electrode. It should be noted that as the operating
temperature increases, the cell potential drops, suggesting that the system should operate
just above the freezing point of the molten component with the highest melting point (i.e.
>650'C). However, the ionic conduction of the electrolyte is likely to increase with
temperature, so a balance between the cell potential and the ionic conduction of the
electrolyte must be found.
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At a low discharge state, the cell potential is predicted to increase sharply. However, the
cell potential will not increase indefinitely - at some point it becomes large enough that
one of the other electrolyte compounds will dissociate. Depending on the materials used
in the supporting electrolyte, this may limit how much the cell can be charged (i.e. a user
won't want to overcharge the cell).
One large assumption was that the activity coefficient of the cell feed, YMg3Sb2 was equal
to unity. Limited literature in this field suggests that there are large non-idealities that
may increase the magnitude of the OCV to IV or greater (described in Section 2.3.4).
2.3.3 Voltage Loss Mechanisms
With the OCV estimated, the effect of voltage loss mechanisms should now be discussed.
It should be noted that the cost calculations assume a cell potential of 0.9 V, and any
inefficiencies resulting from voltage losses were accounted for in the cycle-efficiency
factor of the cost model. During discharge, any deviation of the voltage from the OCV
will be parasitic and will reduce the cell potential. The lost potential is lost energy, and
will be released in the form of heat. The heat will travel through the insulation and
dissipate into the environment. Therefore, the amount of thermal insulation must be
carefully selected based on the expected thermal energy loss and the operating
temperature range.
Since the proposed system has a small OCV, parasitic voltage losses can have
considerable effect on the cycle-efficiency (the 'cycle-efficiency' is the fraction of
electrical energy that is provided by a storage device divided by'the energy required to
charge it). Cell operating conditions must be selected to minimize voltage loss while
supplying enough current and power to make the system useful. A few of the possible
voltage loss mechanisms are discussed below.
Joule Heating
Joule heating is also referred to as an IR loss, or internal ohmic loss of the electrolyte and
is the primary voltage loss in aluminum cells. Joule heating is associated with the
movement or migration of ions through the electrolyte. Although the electrolyte will not
conduct electrons (thereby allowing for 100% Columbic efficiency) there is a change in
cell potential. The amount of Joule heating will be strongly dependent upon how much
current is drawn through the system and the concentration and mobility of active ions in
the electrolyte. Although this is a loss mechanism which lowers the cycle efficiency,
some level of heating is desirable in order to account for heat lost to the environment.
The voltage change due to Joule heating (IR loss) is represented by Trn.
Activation Overpotential
An activation overpotential is a loss of voltage due to the kinetics of the reaction. This
irreversible loss of voltage can be due to the additional energy required to nucleate a solid
phase or deposit onto an electrode containing a thin oxide film. Since the reaction sites in
the proposed system occur at liquid-liquid interfaces, the activation potential is expected
to be negligible, though if high enough current density is passed, it may become a
significant voltage loss mechanism. The activation overpotential is represented by
11 activation.
Diffusion
Diffusion of ions to and from the electrode surface will also limit the rate of a reaction
and decrease the cell potential. However, this system is unique in that both electrode
reactions involve ions that are either supplied by the electrode (during discharge), or
added directly to the electrode (during charge), thus keeping this loss mechanism to a
minimum. The voltage loss due to diffusion is represented by Tldiffusion.
Electronic Ohmic Losses
Although the molten electrodes and current collectors will be metals and will conduct
electrons, the proposed system is expected to handle very high current which may lead to
some voltage loss along these components.
This loss mechanism was taken into account when designing the cell wiring. Initially the
cells were designed to stack on top of one another, providing a short path for electrons to
travel between the bottom current collector of one cell and the top current collector of
another cell. However, when adjacent stacks of cells were connected to one another, a
very large current collector was required to connect the bottom of one cell to the top of
another cell, significantly adding to the cost. The revised design draws current from the
top edge of the bottom current collector and passes it to the edge of the top current
collector of an adjacent cell, thereby minimizing the distance traveled by electrons.
The voltage drop across the antimony molten electrode is calculated as an example of
internal ohmic loss. Molten antimony has an electrical conductivity of approximately
104 S/cm. If the electrode is 3 cm deep and has an area of 1 cm 2, the resistance is
3x10 -4 0. A current density of 1 A/cm 2 results in a parasitic voltage loss of 0.0003 V.
This is negligible with respect to the cell potential. Similar losses can be expected
through the magnesium electrode, as well as through the top and bottom current
collectors. The voltage loss due to electronic ohmic loss is represented by 1lelectronic.
The resulting cell potential, Sce,, during charge and discharge is related to the OCV, socv,
and the voltage loss mechanisms described in this section, as shown below:
Ccell (charge) = cocv + TIIR + Tlactivation + Tidiffusion + lielectronic
scell (discharge)= oCv -EO IR -TIactivation - Tldiffusion - Telectronic
2.3.4 Summary of Cell Potential
For the proposed Mg3Sb2 system, the dissociation potential is 0.42 V. Future systems
involving Na3Sb as the active species may result in a dissociation potential of 0.65 V
(55% larger). The estimated average increase in cell potential based on the activity of
Mg2+ and Sb3- ions is +0.02 V. A larger voltage will result in higher energy density,
higher power capacity, and a higher cycle-efficiency.
Since there is sparse research in this field, literature verification of these calculations is
difficult. A report by M. Lantratov (1962) discussed the depolarization (drop in
dissociation potential of NaCi) while depositing Na from a NaCI molten solution onto a
molten Sb electrode [12]. The paper suggests a depolarization 0.96 V, which should
agree with the calculated dissociation potential of Na3Sb, 0.65 V - an increase of
+0.31 V. If data from this paper are correct, then the non-idealities may have a very
significant impact on the voltage of the system, greatly increasing the energy and power
capacity while also improving the system efficiency. Laboratory work is recommended
to verify these values.
The Lantratov paper also gives insight into the properties of bismuth which seems to
react similar to antimony. Bismuth has a liquid range of 2710 C to 15640C, suggesting
that it may be useful as a molten positive electrode in the event that the electrolyte
melting temperature can be reduced below the melting point of antimony (630 0C).
The resulting cell potential is comprised of the dissociation potential, 0.42 V, plus the
effect of activities, +0.02 V, plus a non-ideality potential increase of +0.31 V, resulting in
an approximated cell potential of 0.75 V (0.42 V + 0.02 V + 0.31 V). Future systems
may involve other active elements, such as sodium, which provide a large dissociation
potential. For example, Mg3Sb2 has a theoretical dissociation potential of 0.42 V while
Na3Sb has a theoretical dissociation potential of 0.65 V- an increase of 0.23 V. If
activities and non-idealities are considered in a Na3Sb system, the cell voltage is
calculated to be 0.99 V. As such, a range between 0.75 V and 0.99 V is possible. The
author used 0.9 V as the cell voltage while assessing the technology in the chapters that
follow.
This is, of course, a very rough estimate, but 0.9 V will be used in the cost modeling and
economic assessment of the technology. It should be noted that the voltage is quite low
in comparison to other systems; however, the current density is expected to be very high,
resulting in a high power cell.
2.4 Current Density
The current density was also a difficult value to estimate. The current density will be
related to the concentration of species involved, the diffusion rate of ions through of the
electrolyte, the temperature, and the overpotential that is applied. A theoretical
calculation of the current density was not attempted because of the large uncertainties
with some of these factors.
However, an estimate was made based on the performance of a Hall-H'roult (aluminum)
cell. These cells operate in conditions similar to what this thesis proposes and are able to
achieve current densities of 0.7 A/cm 2 and greater [13]. These cells typically operate
with an active species (A1203) concentration of only a few percent [14]. Additionally,
one of the limiting factors in the Hall-Heroult cell is that gas is produced on the anode
which blocks the current path as it bubbles away. The proposed system will have two
liquid-liquid reaction interfaces and may have an active species concentration ten times
that of the Hall-H6roult cell. Considering these differences, the proposed technology is
estimated to achieve potentially unprecedented current densities of 1-5 A/cm2 . However,
a higher current density is expected to reduce the cycle-efficiency, so to achieve the
desired cycle-efficiency (80%), a current density of 1 A/cm 2 was used in the cost model
and market assessment.
2.5 System Efficiency
Since the system is operated at an elevated temperature and reactants are deposited onto
molten metal, voltage loss mechanisms are expected to be small. Additionally, the
electrolyte is predicted to be a very good electronic insulator, helping the cell to achieve
close to 100% Columbic efficiency. However, since the system is operating at a low
voltage, any voltage loss will greatly affect cycle-efficiency.
If the system were to operate at 80% cycle-efficiency, the system could only afford a
10% polarization in both the charge and discharge cycles. As an example, for an open
circuit voltage of 0.6 V, a system that requires 0.66V to charge, and discharges at 0.54 V
would result in a cycle-efficiency of -80%. This only allows for a 0.06 V (60 mV)
polarization in either process. Although a polarization of 60 mV is possible, it is very
small, and will likely limit the current density (the polarization will be closely related to
the current density).
However, if the resulting cell potential is 1 V, then a system with 80% cycle-efficiency
will charge with a polarization of 100 mV in both the charge and discharge cycle.
Therefore, the voltage of the system will not only determine the power and energy
capacity, but it will also have a large influence on the cycle-efficiency; so a higher OCV
is desirable.
NAS advanced battery is a competing molten electrode system that operates at 3500C
(discussed in Chapter 5). These systems have cell potentials near 2 V and are able to
operate at 75-85% (DC-DC) cycle-efficiency. Since our system will operate at higher
temperatures (allowing for faster kinetics), and utilize a molten electrolyte, it should be
possible to obtain efficiency values similar to a NAS system. For the purpose of cost
analysis and market assessment, the proposed system will assume a cycle-efficiency of
80%.
2.6 System Configuration
Initial work by the author's supervisors focused on producing a single large cell
(> 2 m x 2 m) rather than many smaller cells. Although the are some distinctive
advantages of a few large cells rather than many cells in series, parasitic voltage losses
associated with a high-amperage and low-voltage device would greatly limit the
efficiency and price of supporting power electronics. The cost saved by using a few large
cells as opposed to many (perhaps hundreds) of smaller cells must be balanced; however,
even if the system uses 400 cells in series, it is still a vast improvement over the 120,000
cells required by a 6 MW NAS system.
One challenge of developing this system will be striking a balance between cost and size
of individual cells, supporting power electronics, and the number of cells involved.
Discussions with industrial representatives suggest that most batteries have a difficult
time charging when too many cells are placed in series, and this integration with the
power electronics has been the largest single challenge of emerging battery technologies
[15]. It is not clear how the NAS system operates, but the author presumes that many of
the 120,000 cells are placed in series, so it is possible to form a device with many cells in
series. However, the problem of integration is expected to be a challenge, so early
collaboration with experts in power electronics is crucial for the success of this
technology. This report continues with the assumption that the cells will work when
placed in series.
Typical household applications run at 120 V (AC) and power electronics (required to
convert the DC battery current to an AC signal) are designed to work at voltages nearer to
600 V or higher. In fact, the cost of a DC-AC converter is proportional to its current
capacity (amperage), and is almost independent of voltage [16], suggesting that the
proposed system should be designed to maximize voltage. While a DC-DC converter can
be applied to raise the apparent voltage of the system, it is still desirable to start with a
battery potential of at least 100 V. This report has thus far looked at individual cells, but
this section will discuss the construction of a battery. A battery is simply two or more
cells connected to each other, typically in a series configuration (described below)
There are two ways to connect cells together. In parallel, similar terminals of adjacent
batteries are connected to each other (i.e. all of the negative terminals are connected to
each other). In this setup, the voltage is equal to the voltage of an individual cell while
the current is equal to the sum of the current passing through all of the cells. In series,
opposite terminals of adjacent cells are connected, creating one current path from the first
cell to the last cell. This results in a current that is equal to the current passing through
one cell; however, the voltage is equal to the number of cells in series times the voltage
provided by each cell. Both configurations can provide the same power; however,
connecting the cells in series increases the voltage to a point where it is useful for most
applications. The limitation of a series configuration is that if one cell fails and becomes
an open circuit, the entire battery will stop working, though additional electronics may
allow the shorted cell to be automatically bypassed. The parallel configuration can also
fail if an individual cell fails and becomes a short circuit, thereby shorting out the entire
battery. Ultimately, a combination of series and parallel connections may result in the
most robust design.
For the purpose of this thesis, a system involving 384 cells in series will be investigated.
This configuration will provide a voltage of 345 V (0.9 V/cell x 384 cells). 384 cells can
be sub-divided into 4 battery modules of 96 cells each, stacked in 4x4 arrays, 6 arrays
high. The steps involved in arranging these cells are outlined in Figure 2.8.
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Figure 2.8: Assembly of a 4x4 cell array. A) Individual 3D representation of
a cell with cut-out section shown. B) Individual 3D cell. C) Four cells
connected in series. D) 16 cell array connected in series with movement of
electrons during charging indicated.
Six 16-cell arrays can then be stacked atop of one another to supply a significant voltage.
Each module containing six 16-cell arrays (96 cells) will provide a voltage of 86.4 V at
2,500 A. This results in 216 kW of power and 1.73 MWh of energy. The current will be
based on the current density and size of each cell. A 96 cell stack with insulation is
shown in Figure 2.9.
Figure 2.9: Six 16-cell arrays (96 cells total) stacked on top of one another
creating a battery module with 86.4V.
The details or arrangement of insulation has not been worked out in detail, but potential
materials/methods will be discussed in the following section. Once insulated, the battery
must be connected to power electronics before in can be used in a various applications.
Different applications exist for DC and AC current, as indicated in Figure 2.10.
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Figure 2.10: Setup of battery module(s) with supporting power electronics.
Some DC, AC and 'other' applications have been indicated.
Although the number of cells in each battery must supply enough voltage for a given
application (typically over 100 cells), the cells themselves are very scalable, allowing
larger systems to be made with larger cells. Economies of scale are expected to be
realized, so larger systems are expected to be cheaper than smaller units when calculated
per unit of power or energy.
A materials analysis was carried out to determine the likely candidates for the key
components of the system. Additional system components, such as power electronics and
insulation, were not analyzed in as great of detail, but they were still discussed in
following sections.
2.7 Cell Components
Cell components were selected based on their ability to perform under harsh operating
conditions (high temperature, corrosive environment, high current, and 10'000s of deep-
discharge cycles), while attempting to minimize cost. The molten components are
discussed first, followed by the solid-state components. All components have been
selected based on their cost, corrosion resistance, and ability to operate at 5000C-8000 C.
2.7.1 Molten Negative Electrode
This component needs to have a low density (so it will float atop the electrolyte), be low
cost, abundant, and electronically conductive, have an appropriate liquid range, and
provide a suitably large cell voltage. However, the electrolyte must contain other species
that are 'more reactive' (lower electronegativity), thus allowing for stable electrolyte
compounds. The molten negative electrode will be the metallic or cationic (positively
charged) component of the product compound (i.e Mg2+ in Mg3Sb 2). The electrode is
considered negative because the cation wishes to lose electrons, thereby increasing the
'electron pressure' on the electrode, giving it a more negative electrode potential.
Transition metals typically have too high of a melting point and are too dense to be
useful. Additionally, they form weak bonds with metalloids, providing a small cell
potential. Zinc and cadmium are exceptions to this; however, they are denser (7.1 g/ml
and 8.6 g/ml) than most electrolytes (2-4g/ml), thereby requiring a different cell design
(for a dense negative electrode, two molten electrode pools on the bottom of the cell
could be separated by a divider. This set up could be investigated in future work as it
would allow for multiple cells to be arranged in series while using the same electrolyte).
Metals to the right of zinc and cadmium on the periodic table have too high of an
electronegativity to react with metalloids (in fact, these are the metalloids). Therefore,
alkali and alkaline earth metals are the only other candidates because they have relatively
low melting points, they have a very low electronegativity, and they meet all of the other
specified requirements.
Of the alkali and alkaline earth elements, magnesium is the leading candidate negative
electrode, providing an estimated cell voltage of 0.9 V. Sodium is also an appealing
candidate; however, it boils at 8800 C, and has a very high vapor pressure leading up to
that point and reacts violently with water. The vapor pressure for three potential negative
electrodes is shown below in Figure 2.11.
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Figure 2.11: Vapor pressure of various candidate negative electrode
materials [11].
Since this layer will be on top of the electrolyte, which in turn will be on top of the
positive electrode, the vapor pressure of the negative molten electrode is the one that
matters the most. It is entirely feasible that sodium can be used in later systems, but for
now, and for the safety of prototype systems, magnesium is the better candidate.
2.7.2 Molten Positive Electrode
Finding the proper positive electrode material was one of the greatest hurdles of this
technology. The compound must be denser than the electrolyte, have an appropriate
liquid range, be abundant and cheap, and have a high electronegativity as to provide a
moderate-to-high cell potential. The molten positive electrode will become the anionic
(negatively charged ion) component of the product species (i.e. Sb3 in Mg3Sb2). The
electrode is considered the positive electrode because Sb atoms "pull" electrons out of the
electrode in order to become anions, thereby decreasing the "electron pressure" in the
electrode which results in a higher (positive) electrode potential.
Initially, sulfur was investigated as a prime candidate because of its abundance, high
electronegativity and low cost. However, the proposed charge and discharge process
requires that the molten positive electrode must also be conductive - and molten sulfur is
electronically insulating. In fact, this is typical of nonmetals.
An answer was found as work led down the periodic table, shown in Figure 2.12. The
goal was to pair a very strong metal (0.7-1.5 on the Pauling scale) with an element that
could act as a non-metal (1.8-2.5). A large difference between the electronegativity of
the negative electrode and the positive electrode would result in electron transfer and ion
formation, which in turn, would result in a large cell potential.
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Figure 2.12: Periodic table of the elements with Pauling scale
electronegativity values. The zig-zag line on the right hand side of the table
divides conventional metals from non-metals 1171.
Although sulfur has a large electronegativity (2.5), it is an insulator. However, selenium
(Se) and tellurium (Te) are semiconductors, and once tellurium reaches its melting point
(450 0C), it conducts like a metal. Therefore, tellurium would work very well as the
active 'non-metal' species because it has a relatively high electronegativity (2.1) and it is
metallically conductive when molten. Unfortunately, booming steel and rubber industries
in China (prime applications of tellurium) increased the world demand for tellurium, and
prices rose from $15/kg in 2001 to over $200/kg in 2006 [18]. Additionally, world
production of tellurium is in the range of 100 metric tons per year, and calculations
showed that our system would required 2.4 tons per MWh of capacity, thereby requiring
more than the annual production of tellurium for 50MWh's of capacity (initial systems
may be 8 MWh each). Although an increased demand may also stimulate increased
production, tellurium is a rare metal (0.001mg/kg of earth's crust) refined from the
byproduct of copper production, so a huge increase in production level is unlikely.
The only other candidates are the elements that run alongside the metalloid "staircase"
which divides conventional metals from conventional non-metals (shown in Figure 2.12).
Starting from the top of the ladder, boron (B) and silicon (Si) are not useful because they
melt at unreasonably high temperatures of 23000 C and 14000C, respectively. Aluminum
(Al) and germanium (Ge) are too metallic (too low of an electronegativity) to be useful,
and arsenic (As) sublimates, so it is not of any use on its own (although it could be used
in a binary electrode).
Next on the ladder is antimony (Sb) which is to the left of tellurium. Although antimony
is not as reactive as tellurium (lower electronegativity), it is sufficiently reactive,
produced in much larger volumes (1000x the production of tellurium), is much cheaper
($3.2/kg), and it far more abundant than tellurium [19].
Below antimony is bismuth (Bi) which is electrochemically similar to antimony and
melts at a lower temperature; however, the cost of bismuth is slightly higher ($8.5/kg)
[20] suggesting that antimony will make a more cost effective positive electrode.
At the bottom of the metalloid ladder are polonium (Po) and astatine (At) -both of which
are radioactive and phenomenally expensive - correspondingly, there were not options.
Therefore, the prime cathode material candidate is antimony, and the proposed active cell
feed is Mg3Sb2. Molten antimony is very dense at 6.5 g/ml, so it will sink to the bottom
of the cell, and Mg3Sb2 has a density of approximately 4 g/ml which less than the density
of molten magnesium at 1.5 g/ml. Sb is also electrically conductive, and has a liquid
range of 6300C - 15900C, while Mg has a liquid range of 650-11 00C so the minimum
operating temperature is 650 0C, assuming the electrolyte melts below this temperature.
The properties of an Mg-Sb system were investigated using different tools, including the
Mg-Sb phase diagram as shown below in Figure 2.13.
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Figure 2.13 Phase diagram for the Mg-Sb binary system [21].
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As Figure 2.13 shows, Mg3Sb 2 melts at 12450C. Notably, Mg3Sb2 has a sizable
conductivity of 1,887 S/cm at 250C [22]. Although this is much less than >8,000S/cm for
Sb and >80,000 S/cm for Mg, a supporting electrolyte must be added to greatly reduce
the electronic conductivity and allow Mg3Sb 2 to be part of a mixture that is liquid at
operating temperature.
2.7.3 Electrolyte
The proposed liquid electrolyte has many superior characteristics over solid ceramic
electrolytes. It is impervious to thermal shock, it can self-assemble, and a temperature
gradient can also result in it acting as the sheath of the cell.
The liquid electrolyte will be comprised of the electrochemcially active Mg 3Sb2 and a
supporting electrolyte. The supporting electrolyte is required to lower the melting
temperature of the cell feed (Mg3Sb 2) and ionize it into its ionic components (Mg2+ , Sb'3).
Further additives may also lower its viscosity to increase diffusion. If there is a sufficient
level of ionization, the electronic conductivity of the melt should be reduced to negligible
(ionic melts don't conduct electrons). The electrolyte compounds must have a larger
dissociation potential than Mg3Sb2, thus ensuring that the only products formed are
magnesium and antimony.
The supporting electrolyte must dissolve Mg3Sb2, but there will be a maximum solubility
of Mg3Sb2 in the supporting electrolyte. Therefore, the amount of Mg and Sb available to
react in each cell will be directly proportional to the solubility of Mg3Sb2 in the
supporting electrolyte. If Mg3Sb 2 has a low maximum solubility, a large amount of
electrolyte will be required, thus increasing the height - and correspondingly, the cost of
the system, as well as decreasing the energy and power density. If a thick supporting
electrolyte is required, it is likely to reduce the current density or decrease the efficiency
of the cell.
Candidate supporting electrolyte cationic species are limited to alkali and alkaline earth
elements, such as lithium, beryllium, sodium, magnesium, potassium, calcium, or barium.
Other candidate elements exist, but they are typically too expensive and/or rare to be
useful. Also, beryllium is toxic, so it will be avoided if possible. Most of these elements
are sparsely used, so market prices are typically much higher than the cost of large-scale
production.
Candidate supporting electrolyte anion species include sulfur, selenium, oxygen
(although oxides typically melt at too high of a temperature), tellurium, arsenic, and
potentially small amounts of halides (although the solubility of non-halides in a halide is
generally very small). Of these, sulfur is inexpensive, abundant, and forms some
compounds with reasonably low melting points (near 10000C).
Some of the resulting prime electrolyte candidates include: Na2S, Li2S, CaS, MgS, and
K2S. Small amounts of selenides, tellurides, and/or halides may also be used to decrease
the viscosity of the electrolyte (in order to increase the diffusion rates), and lower the
melting point.
Boron oxide (B20 3) was also investigated as a potential electrolyte for a Na-Sb or Na-Bi
system because of its low melting point, and high dissociation potential (larger than
Na20). BaO and B20 3 have been claimed to form a running, glassy eutectic which may
be of use for the proposed system [23], as a low viscosity electrolyte will increase
diffusion. However, such as eutectic appears to form a liquid that melts at 8720C [24]
which is higher than desirable, but may be acceptable. Lastly, the solubility of Mg3Sb 2 in
a BaO-B 20 3 eutetic is unknown - a solubility of 10 mol% or greater is required.
Electrolyte components will be selected to produce a eutectic mixture. Eutectic mixtures
greatly reduce the melting point of the melt as compared to its constituent compounds. A
ZnS-Na2S binary phase diagram is shown below in Figure 2.14.
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Figure 2.14: ZnS-Na 2S binary sulfide phase diagram [25].
The above diagram shows a large decrease in the melting point near 50 wt% Na2S. Zinc
(Zn), however, is not a suitable component since zinc dissociates at a less extreme
potential than does magnesium, but this diagram gives hope that an electrolyte can be
found with a melting point near or below 7000 C.
Much effort was placed on finding a phase diagram with two or more alkali or alkaline-
earth sulfides, but nothing could be found. The composition of the electrolyte will have
to be determined through laboratory work or theoretical calculations.
If the melting point of the electrolyte can be decreased below the melting points of
magnesium and antimony, sodium and bismuth can substitute, thus allowing the
operating temperature of the cell to be reduced (potentially down to the melting point of
bismuth at 2700C).
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Despite the advantages of a liquid electrolyte, due diligence must be performed to find an
electrolyte that can meet system requirements. The supporting electrolyte is expected to
be the limiting factor on a number of design and operating parameters, such as:
* Operating temperature
* Cell potential
* Current density
* Composition of the sheath
* Height of each cell
* Energy and power density
If a suitable electrolyte can be found, the system will have a significant advantage over
competing technologies that use a solid electrolyte.
2.7.4 Top (Negative) Current Collector
Steel is cheap, abundant, easy to machine, can function at elevated temperatures, and
does not react with molten magnesium, as shown in Figure 2.15.
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Figure 2.15: Fe-Mg binary phase diagram [26]
Therefore, iron (and hopefully steel) will makes an ideal top current collector when
magnesium is used as the negative molten electrode.
2.7.5 Bottom (Positive) Current Collector
The bottom current collector must not only conduct electrons between the molten
antimony electrode and the cell wiring, but it doubles as the cell housing, providing
mechanical support to the sheath.
Steel would be an ideal material because of its low cost, abundance, and high operating
temperature. Unfortunately, antimony alloys with iron, making it susceptible to
corrosion. The phase diagram between antimony and iron is shown below in Figure 2.16.
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Figure 2.16: Fe-Sb binary phase diagram [27].
As the graph shows, if the cell is operated below 7380C, it may be possible to form a
stable FeSb2 layer on the steel current collector which would still conduct electrons but
not alloy within molten Sb.
If steel alloys are found to be unsuitable; a layer of graphite could provide the required
protection. In fact, of the materials studied, carbon was the only material found to be
corrosion resistant in the presence of liquid antimony [28]; however, conducting oxides
or other non-metal conductors are expected to resist corrosion. Notably, the corrosion of
antimony was found in papers investigating materials for nuclear power plants.
2.7.6 Cell Wiring
Steel or copper can be used to connect the bottom current collector of one cell to the top
current collector of an adjacent cell. This should provide a cheap and effective conductor
with minimal ohmic voltage loss. Since this component is not exposed to the molten
components, it does not require the same level of corrosion resistance.
2.7.7 Sheath
The sheath has two functions. Firstly, it provides electronic insulation between the
molten electrodes, and secondly, it acts as a corrosion resistant lining. This component is
likely to be one of the more difficult components to select, as it must provide corrosion
resistance against molten magnesium, molten antimony, and the molten electrolyte.
Two large constituents of the electrolyte are expected to be Na2S and Li2S, both of which
are highly corrosive. In the NAS (sodium-sulfur cell, described in Section 5.3), the solid
alumina electrolyte and the carbon graphite are exposed to a sodium poly-sulfide mixture,
and are able to withstand corrosion over a long period. Although that system operates at
a low temperature (-3500C) and deals with poly-sulfides, not sulfides, it does give some
credence to using alumina as the sheath, and as such, alumina has been used in the cost
modeling of the system.
Unlike the NAS system that requires a P "-alumina (alumina infused with Na÷), the
proposed system is not limited in the same manner, suggesting that alternatives may be
available. Even if there is limited corrosion, the sheath could be made thick enough to
provide a specified lifespan at elevated temperature.
Another option for the sheath is to use a wall of frozen electrolyte, as is done in the
aluminum industry. A frozen electrolyte wall necessitates a thermal energy loss, which
may be acceptable for very large-scale systems. Cooling the sheath (perhaps through
thermal conduction) may be possible, but would require a more complicated design.
It may also be possible for alumina blocks to act as both the lining and the insulation.
The exterior of the cell will be exposed to environmental temperature, while the interior
of the lining is kept at the operating temperature (700 0C). Since alumina is a good
thermal insulator this configuration results in a temperature gradient through the
insulating blocks, but keeps thermal heat loss low. The result is that the molten
electrolyte seeps into the cracks between the insulating blocks until it reaches its melting
temperature and freezes. In the event that a crack forms due to thermal shock, further
electrolyte will seep into the newly formed crack, automatically resealing any cracks that
form due to thermal shock. This makes the cell "self-healing", as well as self-
assembling. The alumina bricks also provide much (perhaps all) of the thermal
insulation, further reducing the cost and improving the simplicity of the design.
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Figure 2.17: Cell design with an alumina brick lining.
The last proposed technique would require that the cell is heated internally (i.e. through
Joule heating) which may prove difficult when warming up the system for the first time.
Resistive heating elements placed inside the electrodes could heat the system from the
inside; however, more investigation is needed into how to initially heat the system.
2.7.8 Seal
The seal connects the top current collector to the bottom current collector and provides an
electronically insulating layer between them. The material should also bond strongly
with the current collectors to provide a strong mechanical seal, as well as a coherent seal
to prevent vapor from escaping. Initial systems could use magnesia cement (as was done
in the cost model), but other metal-to-ceramic glasses such as aluminoborate glasses are
used in similar applications. In a report summarizing materials for other high-
temperature batteries, it is suggested that appropriate seals have been found and this
component is not of major concern [29].
2.7.9 Gas Layer
A gas layer accounts for the volume change during cell operation. The gas layer also
allows the seals to be exposed to vapor rather than a molten component, which in turn
will increase the life expectancy of the seal.
An inert gas is required, suggesting that argon, nitrogen, or helium would work well. The
cost of the gas is expected to be a negligible portion of the system, and as such, it was not
included in the cost model.
2.7.10 Insulation
Providing adequate insulation is a major issue for a system operating at 500-9000 C. It
would also be desirable to provide a system that is easy to disassemble, thereby allowing
operators to gain access to the battery in the event that it stops working. The cell could
also be placed underground, thereby providing further thermal insulation.
There are numerous ways to insulate something, including vacuum sealing (like a
thermos bottle), or surrounding it with an insulating materials. The latter option is likely
to require more space, but it may result in a lower cost. The sodium-sulfur battery uses
vacuum sealing which may be a suitable option.
One material of interest is perlite. Perlite is a natural occurring mineral that refers to a
siliceous rock containing small quantities of water (47.5% oxygen, 33.8% silicon, 7.2%
aluminum, 3.5% potassium, 3.4% sodium, <1% of iron, calcium, magnesium and other
element, plus 3% water [30]). Upon rapid heating to 9000 C, the rock "pops" like
popcorn, undergoing a twenty fold increase in volume. The resulting powder has an
exceptionally low thermal conductivity of 0.04-0.06 W/m-K [30]. Depending on the size
of the system involved, 7.5 centimeters of perlite will provide enough insulation for a a
system that operates daily at 80% cycle-efficiency. Perlite powder can be used to make
lightweight and insulating concrete which could prove to be the best medium for
containment. With a cost as low as $42/ton, perlite is a cost effective insulation material
[31].
As discussed Section 2.7.7, blocks of alumina or magnesia may be used as both the
sheath and the insulation. Alumina has an acceptably low thermal conductivity of
0.4 W/m-K, but this is about an order of magnitude larger than perlite. Perhaps a
combination of alumina and perlite will prove to be the best solution.
Ultimately, this is a component that will need to be investigated further, but the author
feels confident that adequate thermal insulation can be obtained at a reasonable cost. It
has also been proposed that any heat lost from the system could be used in a co-
generation facility; however, initial work will focus on developing the electrochemical
cell.
2.8 Power Electronics
The proposed system can store a lot of electricity based on the high current density;
however, the potential for each cell is not very large (0.9V). Therefore, numerous cells
must be placed in series to increase the voltage level and reduce external ohmic losses. A
DC-DC converter can be used to increase the voltage, but these converters do have
voltage losses, so a significant potential should still be supplied. Regardless of the
number of cells placed in series and the potential of the battery, the current is still going
to be DC (as are all electrochemical energy storage devices), and most large-scale
applications require AC power. Therefore, an AC-DC converter and DC-AC inverter is
required in order to be utilized by systems requiring AC power.
These components have the potential to make up a large portion of the system cost
(described in Chapter 3). AC-DC converters are commonly used and readily available
from power electronic companies, such as S&C Electric Company, but their price range
is $300-$400/kW [32]. For an 8-hour discharge capacity, this translates into $37.5-
50/kWh.
However, the cost of the power electronics is not simply proportional to power. In fact,
the cost is generally proportional to the current capacity of the system, but is nearly
independent of voltage [16]. Therefore, by increasing the voltage of the battery, the cost
of power electronics will decrease. Unfortunately, placing more cells in series will likely
increase the cost per kW of the battery (as compared to using a few large cells), so work
must be done to find a balance between these two parameters.
2.9 System Size
The footprint of an electricity storage system is very important. For example, if a 1 MW
facility requires the space of a football field, it is impractical to place the system within
an urban setting.
The parameter of interest is the area of the system per unit of power. At a cell potential
of 0.9 V, and a current density of 1 A/cm 2, there will be 0.9 W/cm 2, or 110 m2/MW.
Therefore, 10.4 m x 10.4 m system would be able to supply 1 MW of power.
If, however, the system could be stacked 5.cells high, and current density increased to
5 A/cm2, the footprint may decrease to 4.4 m2/MW, or 2.1 m x 2.1 m for a 1 MW system.
This is comparable to the footprint of an NAS system.
Additional components would increase the size of the system. Power electronics, would
require a comparable space, and the inner and outer cell housing would also increase the
total land use; however, if the system is large enough, these components should be small
fraction of the required land space.
2.10 Modes of Failure
The proposed system has a very robust design, but operating at elevated temperatures and
high current densities can put substantial stress on the components. Some strengths of
the system are listed below:
* The molten electrolyte and molten electrodes can not fail under mechanical stress,
nor can they succumb to dendrite formation (a common failure mechanism of
other batteries).
* All of the cell components have a simple geometry and are thick, allowing
significant corrosion before failure.
* When operating, any volume change will be easily absorbed by the gas layer.
* The top current collector material (steel) is known to perform well in liquid
magnesium.
* The seal between the top and bottom current collectors is expected to perform
well based on previous work done on other high-temperature batteries.
* The system lining may be "self-healing" if alumina bricks are used instead of a
ceramic alumina sheath.
There are many uncertainties with this system, with the largest two being the sheath and
the lower electrode:
* The sheath must withstand a very corrosive environment, but unlike the
electrolyte in the sodium-sulfur system, the sheath in the proposed system is not
limited to alumina, nor is the thickness limited.
o Like most ceramics, the sheath will likely be susceptible to thermal
stresses, but careful heating and cooling is expected to address this issue.
* The bottom current collector does react with antimony, but it forms a conducting
compound. If required, graphite can be used to prevent corrosion.
* The electrolyte and electrodes may also experience some poisoning. Dissolved
components may dilute these melts, but this should lead to a slow and steady
reduction in performance rather than a sudden cell failure.
Because the active components are molten and self-assemble, the system is expected to
perform extremely well under repetitive deep discharging cycle. Failure is likely to occur
based on the slow and steady corrosion of the solid components. The comparable
sodium-sulfur system has achieved 10-15 years of reliable service with 4,500 cycles at
90% DOD (depth of discharge), but ultimately fails because of its fragile solid electrolyte
or carbon-sponge anode. The proposed system is expected to avoid these failure
mechanisms and may provide an unprecedented cycle-life. It is estimated that the system
will last for >3,000 cycles at 90% DOD, lasting for 10-15 years.
2.11 Health Concerns
There are health concerns with the use of arsenic and antimony; however, the toxicity of
such elements is very dependent upon the electronic configuration and the compound it
forms. Elemental arsenic and antimony are far less of a risk to humans than some of their
compounds, such as arsenate (HAsO42 ). In the unlikely event of a system breach, these
components will quickly freeze, thus preventing them from seeping into ground water
where they would become a health hazard.
Other components also pose a risk. Upon exposure to water or moist air, certain sulfides
(such as Na2S) react to form hydrogen sulfide - a toxic gas. However, under normal
system operation, there will be no emissions - it is only in the event of a breach that the
system provides a heath hazard.
2.12 Technology Summary
A high-amperage molten-electrolyte system provides the potential for a low cost and long
lifecycle system. The cell potential is estimated at 0.9 V, with a current density of
1-5 A/cm2, and a cycle-efficiency of 80%. The system is predicted to provide >3,000
cycles 90% DOD, lasting for 10 - 15 years. A preliminary cell design was conceived,
materials were selected, charge and discharge processes were explained, the performance
has been estimated, and modes of failure were discussed.
The largest uncertainties are the composition of the electrolyte, the achievable current
density, the corrosion resistance of the sheath, and the cycle-efficiency. If these issues
can be addressed (and the author believes they can), the proposed system is poised to
reach unprecedented current capacities and a very long lifecycle at a cost much lower
than its competitors.

Chapter 3 - Cost Model
A cost model was developed in order to evaluate the commercial viability of the proposed
technology. Analysis focused on three system components: individual cells, insulation,
and supporting power electronics.
Due to uncertainties in the cell design, costs are expected to be rough estimates; however,
even a rough estimate is very useful in evaluating the commercial viability of the
technology.
Rather than expressing costs in terms of dollars per power, $/kW, large-scale, load-
leveling applications are much more concerned with energy capacity. Therefore, this
report has expressed cost in terms of dollars per energy, $/kWh.
3.1 Cell Dimensions
The cost of a cell was calculated from the material cost of each component,
manufacturing cost, and potential discount rates. The cell dimensions of interest are
shown in Figure 3.1.
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Figure 3.1: Cell dimension labels. Label descriptions are listed in the text.
The cell dimensions used in the cost model
* Width, w
* Length, 1
* Bottom current collector
o Wall thickness, b.w.
o Floor thickness, b. t.
* Top current collector thickness, t.t.
* Sheath thickness, s.t.
* Cell wiring width, c.w.w.
* Gas layer thickness, g.l.t.
are listed below:
50 cm
50 cm
0.5 cm
1 cm
1 cm
1 cm
2 cm
2 cm
The cell height, c.h., was determined by the energy capacity of the cell, the ratio of
supporting electrolyte to active compound, and the discharge duration. The thickness of
the electrolyte layer is likely to affect the performance of the cell, but the impact is
difficult to estimate and was not included in this model.
C
g.t.
i
I
A cell with an 8 hour discharge capacity, 80% cycle-efficiency, and a current density of
1 A/cm2, was estimated to have a height of 50 cm.
A few simplifications were made in determining the volume of each cell component:
* The cell wiring was assumed to be a rectangular prism with length 1, width c.w.w.,
and height t.t.
* The volume of the top current collector was calculated by t.t. times w, times /
(t.t. x w x ), then multiplied by 1.5 to include the volume of the protruding
section.
* The bottom current collector was assumed to have a flat bottom of thickness b.t.,
rather than the curved bottom as show.
* The seal was assumed to be 0.5 cm high.
* The height of the sheath was assumed to be the height of the molten components
plus the height of the gas layer.
* It was assumed that the maximum molar ratio of active compound, Mg3Sb2 in the
supporting electrolyte, Na2S was 1 : 2 (33 mol% Mg3Sb 2)
The following section discusses the raw material cost of each component.
3.2 Cell Components
Cell component cost was estimated based on a number of sources. First, the cost of the
raw material was determined, and then an appropriate factor was applied. The materials
used in each component are shown in Table 3.1.
Raw Material Component(s) Cost Reference(s) Comments
Steel -Top Current $0.55/kg [33] Price range: $0.46-$0.67/kg based
Collector on type of steel.
-Bottom Current
Collector
-Cell Wiring
Ceramic -Sheath $0.025- [34], [35] Large price variation. Raw
Alumina Tube 80/kg alumina powder costs $0.025/kg,
while ceramic tubes can cost
$80/kg or more.
Magnesium -Top Electrode $1.65/kg [36] European free market price
Antimony -Bottom $3.2/kg [19] 99.5-99.6% purity, New York
Electrode dealer price
Na 2S -Electrolyte $0.27/kg [37], [38] Based on the cost of Na ($0.44/kg)
and the cost of S ($0.035/kg)
Magnesia -Seal $20/kg [39] Listed commercial price
Cement
Perlite -Insulation $0.042/kg [31]
Table 3.1: Cost summary of raw materials for each component of the cell.
The cost of cell components was related to the raw material cost and a cost multiplier.
For solid-state components, a cost multiplier greater than 1 was applied to account for the
cost of machining or manufacturing. For the molten components, a discount was
anticipated when dealing with raw materials produced in large quantities. Hence, cost
multipliers less than one were applied to these components.
The alumina tube (sheath) was a difficult cost to estimate. Raw alumina powder is
inexpensive ($0.025/kg); however, large commercial alumina tubes are vastly more
expensive ($80/kg or more). Small laboratory tubes are also relatively inexpensive;
however, as the size of the tube increases, the cost per unit mass increases. This is
largely due to problems associated with manufacturing large ceramic bodies. High
manufacturing failure rates occur due to slumping, sagging, and shrinkage of green
bodies prior to firing; cracking and blistering while in the furnace; and volatilization of
organic binders and dispersant [40]. However, a significant reason for the high cost is
due to the limited number of customers, thereby making large alumina tubes a specialty
item. Economies of scale are realized even when ordering 5-10 crucibles, so large-scale
production of identical pieces is predicted to lower the cost far below retail prices of
$80/kg. As such, the price estimate was a small fraction of the commercial price,
namely, $3-15/kg. Price estimates used in the cost model were outlined in Section 3.4.
The last cost component considered was the cost of constructing a cell. Section 2.2
outlined the steps involved in constructing the cell. Based on the simple design and small
number of components, this cost is expected to be minimal. It was decided that the
construction cost would be tied to the total cost of the solid state components (5 - 10%),
as shown in Table 3.2.
3.3 Operating Parameters
The expected operating parameters were described throughout Chapter 2, and
summarized below:
* Cell potential 0.9 V
* Current density 1 A/cm2
* Cycle-efficiency 80%
As discussed previously, these operating parameters were rough estimates - there has not
been any experimental verification.
The discharge duration will be set at 8 hours. In order to account for inefficiencies, the
energy capacity of the system (and therefore, the amount of Mg and Sb required, and the
height of the cell) was increased by a factor of 1/(cycle-efficiency). The power of a cell
was determined by the cell potential (0.9 V), the current density (1 A/cm2), and the area
of the cell as determined by the cell dimensions (l x w). The energy capacity of the cell
was determined by the power times the discharge duration, and usually expressed in
kWh.
For a system with an electrode-electrolyte surface area of 50 cm x 50 cm (2,500 cm 2), the
power was estimated to be 2.25 kW. If the cell has 8 hours of discharge capacity, the
cell would be 50 cm high and have an energy capacity of 18 kWh.
3.4 Cell Cost Model
Two cost models were developed: a conservative cost model and an optimistic cost
model. The layout of the cost model is shown in Appendix A. The price of additional
components, such as insulation and power electronics was not included in this portion of
the model, but was accounted for in Sections 3.6 and 3.7. The differences between the
two cost models are outlined in Table 3.2.
Discount factor applied to
molten components
Cost of alumina sheath
Cost of steel components
Cost to construct one cell
Cost Models
Conservative
0%
$15/kg
$1.5/kg
10% the cost of
the solid state
components
Optimistic
25%
$3/kg
$0.8/kg
5% the cost of
the solid-state
components
Table 3.2: Differences between the conservative and optimistic cost models.
Based on the geometries specified in Section 3.1, the raw material prices described in
Section 3.2, and the two cost estimates explained in this section, a conservative and an
optimistic cost model were created. The resulting cost models are shown in Figure 3.2.
Conservative Cost Model - Ceramic Alumina Sheath
2.25kW Mg-Sb C
$997/cell, $443/kW, I
Antimony (Sb),
$337, 34%
Magnesium (Mg),
$52, 5%
Construction $53
:ell Supporting
;55/kWh Electrolyte (Na2S),
$28, 3%
Top Current
Collector, $53, 5%
Bottom Current
Collector, $105,
11%5%
Seal, $4, 0% Cell Wiring, $3,
0%
Sheath, $364, 37%
PR Optimistic Cost Model - Ceramic Alumina Sheath
2.25kW Mg-Sb Cell
$549/cell, $244/kW, $30/kWh
Antimony (Sb),
$252, 44% Supporting
SElecrolyte (Na9S),
Magnesium (Mg),
$39, 7%
Construction, $12,
2%
$21,4%
Top Current
Collector, $53, 9%
Seal, $4, 1% /
Cell Wiring, $3, 1% Sheath, $73, 13%
Bottom Current
Collector, $105,
19%
Figure 3.2: A) Conservative and B) optimistic cost models for a 2.25 kW Mg-
Sb cell
The cost estimates for the conservative and optimistic models were $55/kWh and
$30/kWh, respectively. It should clearly be noted that there was a large difference
between these two cost estimates. The components that changed the most between the
two models were the cost of antimony ($337 vs. $252) and the sheath ($364 vs. $121).
Although the cost of the sheath was expected to be a significant portion of the cost, it was
surprising that antimony was 35 - 47% of the cost (magnesium was only 5 - 7% of the
cost). As a reminder, the cost of antimony was $3.2/kg while the cost of magnesium was
$1.65/kg. This discrepancy can be explained by the different molar masses of the two
components. If the material cost is expressed in terms of a cost per mole, the cost of
antimony and magnesium are $0.39/mol and $0.04g/mol, respectively. This explains
why antimony is such a larger cost component. Bismuth was also investigated as an
alternative material, but at a cost of $8/kg and a larger molar mass, the resulting cost per
mole is $1.68/mol - nearly four times the cost of antimony.
The model confirms that the alumina sheath is a large cost component of the system.
Even with an optimistic cost of $3/kg for a manufactured ceramic sheath, it is still 22% of
the system cost. The option using alumina bricks is discussed in the next section.
3.5 Alumina Bricks Model
The previous cost model analyzed a system utilizing a ceramic alumina sheath - this
section discusses the cost model of a system utilizing alumina bricks. Using alumina
bricks instead of a ceramic alumina sheath has two main advantages. Firstly, alumina
bricks will be much more resistant to thermal cracking. Because the bricks also act as
thermal insulation, they create a thermal gradient which allows the electrolyte to seep into
the cracks between the bricks until the electrolyte reaches its freezing temperature and
solidifies, thus sealing itself off. The resulting seal will be very robust because any crack
that may form will be automatically sealed by new electrolyte that enters into the crack
and freezes. Secondly, the alumina bricks also provide a significant amount of thermal
insulation, thereby greatly reducing the cost of external insulation. One negative feature
of this design is that the exterior of each cell must be kept cool. This limits the spacing of
adjacent cells, and ultimately limits the number of cells that can be placed in series in a
given area. Also, the cells must be very large in order to justify the thick walls required
by each cell. Depending on the number of cells required for efficient DC-AC conversion,
this may or may not be a detriment. This section describes the investigation of the cost of
such a system.
The configuration of the proposed 'alumina brick' design is similar to the cell depicted
throughout this thesis, except that the alumina sheath is very thick and consists of bricks
stacked atop one another. The thickness of the brick layer (similar to the thickness of the
sheath) was assumed to be 50 cm - this would provide roughly half of the thermal
insulation requirements (requirements based on a system with 80% cycle-efficiency).
Under this arrangement, the width and length of the top and bottom current collectors
must be increased by 1 m to allow for the increased size of the cell (50 cm on each side of
each dimension). It would be very easy to scale this system (more easily than a system
utilizing a ceramic alumina sheath), allowing for systems that are 3 m x 3 m or more.
The conservative and optimistic cost estimates for alumina bricks were $0.08/kg and
$0.04/kg respectively, based on the price of raw alumina ($0.025/kg)
The conservative and optimistic cost models for a 3 m x 3 m system utilizing alumina
bricks are shown below in Figure 3.3. The thickness of the bricks (previously indicated
as the sheath thickness) was increase to 50 cm (s.t .= 50 cm). Other changes include
increasing the length (1 = 2 m), and width, (w = 2 m), of the cell, the thicknesses of the
top and bottom current collectors were increased (t. t. = b.t. = 3 cm), and the wall
thickness of the bottom current collector was increased (b.w. = 1 cm). The active surface
area of this system would be 2 m x 2 m (40,000 cm2), resulting in a power of 36 kW.
Conservative Cost Model -Alumina Bricks
36kW Mg-Sb Cell
$15,140/cell, $421/kW, $53/kWh
Antimony (Sb),
$5,613, 36%
Magnesium (Mg),
$866, 6%
Construction, $745,
5%
Seal, $76, 1%
Supporting
Electrolyte (Na2S),
$462, 3%
Top Current
Collector, $2,531,
17%
Cell Wiring, $33,
0%
Alumina Bricks
$2,349, 16%
Bottom Current
Collector, $2,464,
16%
Optimistic Cost Model -Alumina Bricks
36kW Mg-Sb Cell
Antimony (Sb), $9,8891cell, $259/kW, $3
$4,210, 45%
Magnesium (Mg),
$650, 7%
construction 
51 t
2/kWh
Supporting
Electrolyte (Na2S),
$346, 4%
Top Current
_- Collector, $1,350,
4 AOI t0
Seal, $76, 1% / Alumina Bricks, Bottom Current$1,175, 13% Collector, $1,314,
Cell Wiring, $17, 0% 14%
Figure 3.3: A) Conservative and B) optimistic cost models shown for a
3 m x 3 m system utilizing alumina bricks instead of a ceramic alumina
sheath.
Figures 3.3A and 3.3B raise a few notable points. Firstly, the cells themselves were
much larger (36 kW vs. 2.25 kW), resulting in a higher cost per cell. However, the cost
per unit energy was comparable. The conservative cost estimate was $53/kWh and the
optimistic cost estimate was $32/kWh. These costs are very similar to the cost estimates
of the previous system, namely, $55/kWh and $30/kWh. This is a bit surprising since the
cost fraction of the sheath decreased significantly; however, the cost fraction of the top
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and bottom current collectors increased substantially based on the need for thicker
electrodes required for a larger system. One advantage that this model presents is that the
alumina bricks also provide a large portion of the insulation, thereby reducing the
required cost of insulation (described in Section 3.6). The other advantage of this system
is that it will be much more resistant to failure from thermal shock; however, placing
many of these units in series will be more difficult than with the ceramic alumina sheath
design. Also, the increased size will make it difficult (if not impossible) to transport - an
important feature for some of the applications investigated.
3.6 Insulation
The cost of insulation was estimated in dollars per kWh of storage, based on perlite
insulation for an entire battery module (not individual cells) as shown previously in
Figure 2.9. With 96 cells, each battery module had an energy capacity of 1.73 MWh.
For an 80% cycle-efficiency, 20% of the daily energy capacity would be lost as heat.
This would result in a thermal loss rate of 0.2 x 1.73 MWh / 24 hrs = 14,417 W. The
battery module had dimensions of approximately 3 m x 3 m x 3 m, resulting in a surface
area of 54 m2. Perlite insulation has a thermal conductivity of 0.05 W/m-K [Perlite.net],
and the system has a thermal gradient of 675 K (7000C-250C). The thickness of perlite
required was calculated as shown below:
Thickness = Area x Thermal Conductivity x Temperature Gradient + Energy Loss
Thickness = (54 m2) x (0.05 W/m-K) x (675 K) - (14,417 W)
Thickness = 013 m
Therefore, only 13 cm of perlite insulation is required, resulting in a total volume of
6.8 m3 per 1.73 MWh battery module. This is a surprisingly small amount of insulation,
but it can be justified because the heat produced while operating the battery must be
released into the environment, thereby requiring a reduced amount of thermal insulation.
As a comparison, alumina bricks have a thermal conductivity roughly ten times that of
perlite, thereby requiring walls that are 130 cm thick.
With a compacted density of 400kg/m3, each module would require 2.72 metric tonnes of
perlite. At a cost of $42/ton [31], the total cost was $114 per module. This, of course,
was far from realistic. In practice, perlite would need to be housed in some sort of
container. The cost of the insulation system was assumed to be 70 times higher than the
cost of raw perlite ($8,000 per module), resulting in $5/kWh for a 1.73 MWh battery
module.
This design assumes that 20% of the energy capacity of the cell will be dissipated as heat
every day. The system can afford to do this because the heat is generated by
inefficiencies while the system is operating. If, however, the cell is not used for a few
days (possibly due to an extended power outage), it will continue to dissipate heat even
though it is no longer generating heat. This will cause the cell to solidify over the course
of a few days. Therefore, a more complicated insulation design may be necessary to
reduce heat loss during periods of an extended power outage. However, if the system can
be quickly and easily heated when power returns (perhaps by internal resistive heating
elements), cooling may not be an issue. The NAS batteries have great difficulty with
thermal cycling and it is the major their cause of failure. If an alumina brick design is
used, the molten electrolyte will give the proposed system a significant advantage over
the competing NAS (sodium-sulfur) advanced battery
The production cost of perlite insulation was assumed to be $5/kWh. If, however,
alumina blocks are used, the system will require half of the perlite insulation, resulting in
a rough cost estimate of $3/kWh
3.7 Power Electronics
Power electronics are readily available from many commercial suppliers. Two main
components that were considered for the proposed system: a DC-DC converter, and an
AC-DC converter. DC-DC converters are relatively inexpensive (-$10/kW, although the
price is largely dependant on current, not on voltage). An AC-DC converter will cost
approximately $300-$400/kW [32] - which is expected to be a significant cost
component of the system.
A cost of $400/kW was used for the power electronics component based on the need for a
sizable DC-DC converter. For an 8 hour discharge capacity, this resulted in a cost of
$50/kWh. This price will increase if the total system voltage is well below 100V, based
on the need for a more sizable DC-DC converter.
It should be noted that this cost is the price charged by existing companies. Over time
and with increased sales, the cost may decrease significantly. But at the moment, a cost
of $50/kWh is expected. It should also be noted that a company focused on producing
the battery would not expect to generate revenue from the sale of power electronics.
Revenue generation would come from a markup on cost of the battery modules.
3.8 Additional Costs
Depending on the final design of the system, installation costs may be significant. For a
system that can be relocated, the technology should be a "turn-key" solution, requiring
very little time to install or integrate with the systems on site.
There are other hurdles associated with connecting such a system to the grid. Grid
operators may insist on a connection study to investigate the impact on the performance
and reliability of the grid. Connection studies cost approximately $50,000 [41]. If the
product is sold to a transmission line operator, it is likely that they will not be required to
pay this fee, so it has not been included in the cost model.
3.9 Complete System
An AC-compatible system would require a DC-battery (battery cells and insulation) and
supporting power electronics, namely, an AC-DC converter. The cost of a DC-battery
was estimated and the cost of the power electronics was subsequently added. Other costs
such as installation and connection fees were not included in this model as they were
expected to be small or be absorbed by the customer.
The cost of a DC-battery with a ceramic alumina sheath was calculated from the cost per
cell ($35-55/kWh) plus the cost of insulation ($5/kWh), resulting a in cost of $40-
60/kWh.
The cost of the 'alumina bricks' design was calculated from the sum of the cost per cell
($32-53/kWh) plus the cost of insulation ($3/kWh), resulting in a DC-battery cost of
$35-56/kWh.
Accounting for both models, the DC-battery cost was calculated as $35-60/kWh. An
AC-battery system would include $50/kWh for power electronics, resulting in a cost of
$85-110/kWh.
It is worth defining some terms, as the jargon can get confusing. 'Cost' is the amount of
money spent to produce a good (product). 'Price' is the amount of money spent on
acquiring a good. In order to run a profit, a business must charge customers a price that
is larger than their cost. To the company selling the good, the amount of money paid for
a good by a customer represents the price. However, to the customer, the amount of
money that was paid represents a cost. Since this is a little ambiguous, this thesis will
define the cost as the amount of money required to produce a battery or battery system,
and the price is what a potential customer will be charged.
In order to run a profitable business, the price charged to a customer will be substantially
larger than the cost to produce the product. One way to quantify this difference is to
define the 'gross margin'. The gross margin is the ratio involving the cost of goods sold
and the revenue generated by that sale (price), as shown below.
Gross Margin Percentage = 100 % x (Revenue - Cost of Goods Sold) - Revenue
For example, if a DC-battery unit costs $50/kWh to produce and is sold for $100/kWh,
the company is operating on 50% gross margin ( 100% x (100-50) + 100). Since the
supporting power electronics will be supplied by a partnering company, it is not included
when calculating the gross margin percentage.
For a business running at 50% gross margin, the resulting market price for a DC-battery
system would be $70-120/kWh. To make the system AC-compatible, $50/kWh would
be added for power electronics, resulting in an AC-battery system price of
$120-170/kWh.
3.10 Analysis
There are many uncertainties with the cost estimates, namely, the cost of molten
component, insulation, as well as the overall design of the system (ceramic alumina
sheath vs. alumina blocks). However, a thorough attempt was made to get a sensible cost
estimate, and the cost range of $120-170/kWh is reasonable.
Other interesting results from the cost model analysis are discussed below.
Current Density
One finding of interest was the limited dependency of cost on current densities greater
than 3 A/cm2 . Although high current densities are expected, operating the system at
5 A/cm2 for 8 hours would require a supporting electrolyte that is over 3 m high
(assuming that Mg3Sb2 has a maximum solubility of 33 mol% in Na2S). An electrolyte
that is 3 m high would certainly result in inefficiencies due to a concentration gradient.
Additionally, the largest portion of the cost is predicted to be the active species which are
directly related to the energy capacity of the system. A larger current density will require
more energy in order to supply 8 hours of charge. Analysis showed that current densities
above 3 A/cm 2 yielded a minimal decrease in the cost per unit of energy because the cost
of large systems was largely dependent on the amount of antimony which scaled with the
energy capacity. It is also expected that systems with high current density (and
therefore, a thicker electrolyte) will have a lower cycle-efficiency.
Sheath
The system utilizing an alumina sheath is well suited for moderate scale applications
(100 kWh - 1 MWh), or for applications requiring a higher voltage. Also, the cost of the
alumina sheath is expected to increase with larger cells, preventing economies of scale.
Alumina bricks may be better suited for very large-scale applications (>10 MWh),
providing a greater resilience against thermal cracking.
Active Species
The largest cost component was antimony. The cost for antimony was based on the
price of the raw metal with relatively high levels of purity (-99%). If the system can
operate well with lower grade metals, it would be possible to substantially lower the cost
of the system.
Insulation
Providing adequate insulation for a system operating above 7000C will not be simple.
Perlite is an intriguing material that may be useful; however, there is still great
uncertainty in both the cost of insulation and the operating temperature.
Cell Potential
The cell potential will not only define the power density and energy density, but it will
also have a large impact on the efficiency of the system. Therefore, finding reactants and
a supporting electrolyte that will maximize the cell potential is a crucial to research that
follows. All of these factors influence the cost per unit of power and the cost per unit of
energy.
Energy and Power Density
The resulting energy and power densities were calculated based on the volume and mass
of each component, excluding insulation and power electronics. For the ceramic alumina
sheath design, the energy density was 42 Wh/kg and the power density was 5.3 W/kg.
These values place it in the vicinity of lead-acid batteries (10-30 Wh/kg), so this is not an
advantage of the proposed system; however, specific energy and power density is not an
accurate figure of merit for this application. A more accurate parameter would be the
volumetric energy and power densities - unfortunately, no reliable figures could be found
for large-scale battery systems because there a limited number of such facilities. It is
estimated that the proposed system will have superior volumetric power and energy
densities to conventional lead-acid batteries, and should compete with NAS batteries.
3.11 Summary
This chapter described the parameters and considerations in building the cost model. The
cost of the DC-battery was estimated at $35-60/kWh based on two different design and
cost models. Power electronics sell for $50/kWh. Any markup on the system will be
made to the DC-battery alone, allowing for significant profit margins. For example, if a
business operated on 50% gross margin, the price of the DC-battery would be
$70-120/kWh, resulting in an entire system price of $120-$170/kWh. Using lower grade
materials and increased discounts may further lower the cost of the system.
These figures are encouraging because the NAS system sells for $200-250/kWh. If the
price of a storage system can drop to $150/kW, they will "sell like popcorn" [15]. The
proposed system is predicted to achieve this even while being sold at a generous 50%
gross margin.
Since the proposed technology was in a conceptual stage, assumptions were made about
the cell's performance and design parameters; however, the cost model has been designed
in a flexible manner that will allow performance characteristics to be updated upon
laboratory verification. The cost model was a valuable tool that allowed the author to
realistically analyze the market potential for this technology.

Chapter 4 - Applications and Market Analysis
This chapter discusses potential markets for a large-scale electricity storage device. The
proposed technology is expected to have the performance characteristics listed below.
These characteristics were considered while evaluating potential markets:
* Small footprint (4.5-110 m2/MW)
* Long cycle-life (>3,000 deep discharge cycles)
* 10-15 year lifespan
* Moderate DC-DC efficiency (75-85%)
* 10 kW to >10+ MW power capacity
* 4-10 hr discharge capacity
* < 100 ms response time
* Minimal maintenance
* High operating temperature
* Zero noise
* Zero emissions
Based on these traits, appropriate markets were analyzed. Initial research focused on grid
power load-leveling; however, it was soon realized that this market had limited revenue
potential. Fortunately, the long discharge capacity and extensive cycle-life that make it
suitable for load-leveling also make it suitable for other applications. Some of the
alternative applications meet more critical market demands, giving them increased
market value. The range of applications for energy storage technologies is shown in
Figure 4.1.
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Figure 4.1: Applications for large-scale electricity storage (modified image
from ESA website, [421).
Figure 4.1 displays a wide range of applications for electricity storage devices in the
electricity power market; however, only a few of these applications fit well with the
proposed technology. These applications include:
* Load-leveling
* Customer energy management (UPS)
* T&D upgrade deferral
* Rapid reserve
* Renewable energy management
4.1 Grid Power Load-Leveling
The motivation for grid power load-leveling is the diurnal fluctuation in electricity
demand. With over 1,000 GW of power in the US alone [43], load-leveling is an
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enormous market, giving it the appearance of an appealing application. For this
application, the battery system could be located next to an existing power plant, thereby
offering support to a specific power producer.
In open electricity markets, electricity prices follow demand. Since demand is low at
night, the price is generally lower than during peak hours of the day. The electricity
market in New England (NE), USA, is operated by an independent systems operator
(ISO), and is called ISO New England. Much like other areas of the USA, ISO New
England posts electricity prices on their website, allowing the customers (and the public)
to download electricity market information. Such data was used in this thesis to estimate
the value of grid power load-leveling. Price fluctuations during the first two weeks of
July 2005 are shown below in Figure 4.2.
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Figure 4.2: Electricity price in Boston, USA, July 20-30, 2006 (data from ISO
New England, [8]).
An electricity storage device could generate revenue by purchasing electricity at night
when the price is low, then selling it back to the grid during the day when the price is
high. Analysis was done on the potential revenue of load-leveling in the New England
(USA) electricity market. The commercial viability of such a system was evaluated by
determining the revenue potential of load-leveling compared that to the required capital
cost. It was assumed that a storage device would buy and sell electricity everyday of the
year.
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The charge and discharge duration also affects the average buy and sell price. For
example, if a system only purchased 1 hour of electricity while it was at the lowest point
in the day and sold the electricity back at the peak hour during the following day, the
revenue per energy (MWh) would be maximized. If the system is charged and
discharged for eight hours, the difference between the average high price and the average
low price will be much smaller. The difference between the average buy and sell prices
decreases with increasing charge and discharge duration, as shown in Figure 4.3.
Figure 4.3: Average buy and sell price of electricity, July 2005 (data from
ISO New England, [81).
However, revenue generation is also related to the number of hours stored. For a system
that is 100% efficient, revenue would be maximized by buying electricity for the lowest
12 hours of the day and selling it back for the highest 12 hours, despite the decrease in
the average price differential. Of course, systems are never 100% efficient and low
efficiencies were shown to have a large impact on the profitability of load-leveling.
Figure 4.4 shows the expected annual revenue for systems operating at different
efficiencies, assuming the system operates every day of the year.
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Figure 4.4: Annual load-leveling revenue for systems with different cycle-
efficiencies (as displayed) and discharge capacities (data from ISO New
England, [8])
Figure 4.4 clearly shows the benefits of a system with high cycle-efficiency and long
discharge capacity. Cycle-efficiencies below 80% lead to a significant reduction in
revenue. AC-DC converters operate at -95%, suggesting that the battery should operate
at greater than 80% DC-DC cycle-efficiency. Any system operating below 60% will
generate minimal revenue.
Even at 80% cycle-efficiency the revenue stream is low. For a 1 MW system with an
8-hour discharge capacity (8 MWh) and 80% cycle-efficiency, the expected revenue is
$80,000, or just $10/kWh/year. At an estimated system price of $150/kWh, a 1 MW
(8 MWh) system would cost $1.2 million and would take 15 years to pay off the capital
cost. Although this is not unreasonable for large power systems (nuclear power plants
require very high capital cost and long payoff periods), it is still not a very profitable
application. Even if the price of the system can be brought down to $75/kWh (remember,
the price of power electronics is estimated at $50/kWh), the system would still take 7.5
years to pay off. In most cases, it is better practice to simply build more power plants
rather than store electricity.
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There are, however, a few advantages of energy storage compared to building new power
generators, as listed below:
* Reduced construction time
o The battery system will be much easier and quicker to construct than a
power plant.
* No fuel requirement
* No noise
* Minimum maintenance
For niche applications a large battery may be advantageous, but it is unlikely that this will
be a major market for the proposed technology. This analysis clearly shows that load-
leveling alone is not a very profitable market for a large-scale energy storage device.
Such a system must meet more specific market demands in order to increase its market
value.
4.2 T&D Upgrade Deferral
Transmission-line and distribution-system (T&D) upgrade deferral is similar to grid
power load-leveling. However, in addition to generating revenue through diurnal
electricity price fluctuations, this application also meets other market demands.
After generating electricity at a power plant, electricity must be transmitted along power
lines to load centers (i.e. a city), where it is then sent through the local distribution system
and delivered to its customers. Storage devices for transmission lines and distribution
systems are often discussed in the same context because the ailments of both systems can
be addressed in the same way by electricity storage.
The current power grid has no storage capacity, so transmission lines must meet
instantaneous demand. As transmission lines reach capacity, they incur heavy ohmic
losses which decrease their efficiency. The power loss is manifested as heat production
in the lines, which in turn, raises the temperature of the lines. If the lines are operated
near or above their rated limited for too long, enough heat can be generated to melt parts
of the system, causing the whole line to fail. This is especially a problem with
underground transmission lines because they cannot dissipate heat as easily as lines
above the ground [44].
There aren't many solutions to this problem. Portable generators can be brought in to
help provide power at the load center, but large generators (10's MW) are required and
they are noisy, emit pollutants, and require refueling. In the extreme case, power
companies are forced to implement rolling blackouts (shut off power to isolated sections
of the city for temporary periods) or brownouts (decrease the grid voltage level of the
entire grid). These problems will persist until new transmission lines can be built, but
this may take many years complete.
Installing new power lines can be very difficult and take years to complete. People don't
want transmission lines running through their backyard, so obtaining permits is a lengthy
process and often leads to public dissatisfaction. Additionally, building the lines is very
expensive. These two factors have contributed to a power grid with a strained
transmission line system. When asked for an estimate of the market size for transmission
line upgrade deferrals, an NStar engineering said: "All of the US" [44], suggesting that a
significant portion of the 1,000 GW of power passing through US transmission lines
could be supported with an energy storage device.
If a large energy storage unit is placed near a load-center, it can supply a portion of the
power during peak hours of the day, which can reduce the amount of electricity carried
by transmission wires and allow the system to supply the required electricity without
overheating. Transmission lines often carry over 500 MW of power, so an energy storage
unit must be a significant portion of the line's capacity, making the size of a transmission
line upgrade deferral unit of the range of 10-100 MW [15]. These units defer the cost of
transmission line upgrades, supply interim power while construction of new lines is
underway, and/or supply emergency power in the event that the system fails.
Distribution systems experience problems similar to transmission lines, although power
requirements of energy storage devices for this application are of the size of 1-10 MW.
This suggests that distribution support or upgrade deferral is the primary option for a
penetrating market.
Discussions with Ali Nourai of American Electric Power (AEP) led to system design
requirements (Ali Nourai was an integral part AEP's decision to install a NAS advanced
battery in 2006 for this application). The system requirements are listed below:
* Turn-key application
o The system must be complete and ready to connect to the existing system
with minimal installation time.
* No maintenance
o The system must operate without the need for constant maintenance or
permanent staff.
* 10 - 15 year lifespan
o This means >3,000 cycles at 90% DOD.
* Re-locatable
o Once the distribution system is upgraded (4-5 years), the system must be
able to be re-located in order to justify their capital cost.
* 3-6 month implementation period
o It can take 4-5 years to complete T&D upgrades. It is the hope of industry
that energy storage units can be ordered and installed within a few months
rather than a few years.
* $200-250/kWh
o Current technology sells at this price and is just on the fringe of being
economical (assuming it has the traits listed above). If the cost of an
energy storage system can be brought down to $150/kWh, systems will
"sell like popcorn" [15].
The most notable point for this application is that the system must be re-locatable.
Although this won't be a problem with the alumina-sheath design (since cells are
expected to be smaller), it may be more difficult to do with the alumina bricks design.
However, cells can be designed not to exceed 3 m in width, making them transportable
on major roadways given appropriate permits and wide-load transport vehicles.
If transmission-line upgrade deferral is just 1% of the US power market, this would result
in a market of 80,000 MWh (10,000 MW x 8-hour capacity). At a price of $150/kWh,
this results in a $12 billion market that is practically unobtainable by current technology.
This application clearly demonstrates increased value over grid power load-leveling.
With a large and open market, T&D upgrade deferral is a recommended market for the
proposed technology.
4.3 Customer Energy Management
Many businesses, manufacturing plants, and industrial plants demand a constant supply
of electricity. Any power outage means costly downtime that can cost a company
millions of dollars. Backup power systems, or Uninterruptible Power Systems (UPS),
can supply electricity to a building in the event of a grid-power failure. Fast response
time of batteries (such as the proposed technology) make them ideal for this application
as opposed to generators that require time to reach full output levels. There are also
manufacturing facilities that are sensitive to voltage irregularities and a UPS device could
act as a 'buffer' to ensure high power quality. This market is not as large as grid-power
load-leveling (not every business will be able to afford a large-scale energy storage
device), and it is estimated that there are only a few dozen potential customers in New
England. Even still, companies that want to invest into this technology are willing to pay
upwards of $2,000/MW [41]. The US market for UPS applications is estimated at $1-
Billion [45].
The high price point and need for smaller scale systems (<1 MW) would provide another
great primary market for our technology which would allow a startup to generate a
revenue stream during the early stages of development as well as providing small-scale
test facilities which can undergo long-term performance analysis.
4.4 Renewable Energy Management
Initially, support for intermittent renewable energy sources was the intended market for
this technology. Work revealed the potential for a great synergy between these systems;
however, current markets don't provide proper incentives to directly link storage to
intermittent renewables.
Renewable energy sources like wind and solar are intermittent. Wind turbines can only
function when there is a strong & steady wind, which may not overlap with a period of
high demand. During windless periods, wind turbines do not produce any electricity.
During peak demand hours of the day, additional power generators must be ready to
operate in the event that the wind stops blowing. This results in underutilized capital in
the form of excess power stations, and ultimately limits the scale of deployment of
intermittent renewables. Additionally, as wind turbines turn on and off, they cause
voltage spikes and dips and shifts in frequency, creating additional strain on the
remaining power grid and leading to reduced power quality. The combined effect of
decreased power quality and the need for extra power plants means that intermittent
renewables are limited to 10% of the grid's total power.
A low cost and reliable electricity storage device could support intermittent renewables.
The storage device could be charged during periods of low demand (at night) - either
from wind, or from grid power - and discharged during peak hours of the day when the
wind stops blowing or if it becomes cloudy.
There would be some financial benefit to using storage in conjunction with wind power.
Currently, wind energy produced at night will be sold at night time rates. A storage
system could store this energy then sell it to the grid during peak hours of the day. This
is the same as grid-power load leveling (Section 4.1), so the expected financial benefits
are small; however, the integration with modem wind turbines and solar arrays offers a
large advantage over a stand-alone load-leveling system.
Photovoltaic solar panels produce DC current which must be converted into an AC signal
before it can be connected to the power grid. Similarly, modern wind turbines use an
AC-DC-AC converter which allows them to operate at optimal efficiency levels while
still providing power that is in phase with the grid power voltage signal (previous wind
turbines used mechanical gearboxes to keep the unit in phase with grid power; however,
these were relatively inefficient). This means that there are DC-AC converters in wind
turbines and photovoltaic solar array systems; removing the need to have an AC-DC
converter as part of the storage system (the AC-DC converter was estimated to be -1/3 of
the price of the system).
Even at a reduced cost, the pure "load-leveling" application for renewables has limited
financial incentive. Electricity storage support for renewables will only become
prevalent if a large portion of the grid relies on intermittent renewables, and proper
market conditions are established to promote reliability, consistency, and power quality.
Although there are not many places in the US that heavily rely on wind or solar (with the
possible exception of parts of California), some European countries have a very sizable
portion of their grid power produced from wind and solar power. Therefore, the
European market is more likely to become an early adopter of electricity storage devices
for support of intermittent renewables.
Another application that supports intermittent renewables is for remote locations. Rather
than transporting in noisy fossil fuel generators, renewable energies provide the ability
for remote stations or settlements to generate electricity without the need for regular
delivery of addition fuel. This may also be appealing to facilities that operate in areas
that are sensitive to noise and/or pollutants. However, the size of the proposed battery
system may be too large for this applications - further development is required to
determine the minimum size of individual systems.
4.5 Rapid Reserve
Another grid-power application is rapid reserve, or spinning reserve. Power generators
sometimes malfunction or demand can spike. To account for these uncertainties, the
electricity markets has generators with the ability to ramp up their output in a matter of
minutes to meet a required change in demand or supply. In fact, many fossil fuel power
plants in New England spend over 20% of their time in running in standby mode (5-55%
capacity) [46] in order to participate in the spinning reserve market.
However, sitting idly is less profitable that selling electricity. The electricity markets in
New England are undergoing significant changes, but it was estimated that units were
compensated with $24,000-$60,000 /MW per year, which is less than the predicted load-
leveling revenue (depending on the efficiency of the system). If the system is proven to
operate at a low efficiency, but can sustain high levels of power output for a few hours, it
may be applicable for rapid reserve; however, one of the predicted strengths of the
system is its ability to undergo 1,000s of deep-discharge cycles, and this application
doesn't utilize this feature. Rapid reserve is not expected to be the most appealing market
for this technology.
4.6 Summary of Markets
Of the five markets investigated, the T&D upgrade deferral and the UPS markets were
found to be the most appealing markets because of their high market value. A stand-
alone system for grid power load-leveling was found to have limited revenue potential.
Support for intermittent renewables may be possible, but only in markets that are heavily
reliant on intermittent renewables and have market conditions set up to reward electricity
storage.
If the technology is proven to be very robust and reliable and the operating temperature
can be brought down well below 7000C, it may be possible for the batteries to be used in
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various transportation applications, such as in trains, buses, submarines, and boats, and
even the emerging Plug-in Hybrid Electric Vehicles (PHEV) market. The reliability and
low cost of the proposed system is very appealing for these applications, and high
performance insulation can greatly reduce the size; however, safety is a major concern in
this sector. Therefore, the battery technology should prove itself in stationary
applications before attempting to penetrate this market.
For T&D upgrade deferral and UPS applications, the system requires certain performance
characteristics that must be proven in the laboratory before commercialization can be
expected. These characteristics are approximate and may be flexible based on the cost of
the system:
* 75-85% DC-DC efficiency
* Small footprint (10-100 m2/MW)
o This may require cells to be stacked atop one another
* 10+ years lifespan
* > 3,000 cycles at 90% DOD
The efficiency and power density (footprint) will be very dependant upon the cell voltage
and the current density. These values must be determined before the commercial
viability of this technology can be more accurately assessed. However, if the proposed
system is able to meet its performance goals, it should be well suited for T&D upgrade
deferral and UPS applications.
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Chapter 5 - Competing Technology
There are many forms of energy storage on the market. Some store energy using
chemical bonds (batteries), some store electric charge (capacitors), while others store
energy as compressed air, gravitational potential, magnetic fields, or kinetic energy. The
most prevalent forms of large-scale energy storage were investigated and are discussed in
this section.
5.1 Lead-Acid Batteries
Lead-acid batteries are the traditional form of large-scale electrochemical energy storage.
Their performance is well known and trusted and they are the cheapest commercial
battery technology on the market. Other batteries, such as Lithium Ion, have superior
specific power density (power per unit mass) and specific energy density, but they can't
compete with the low cost of lead-acid batteries.
Chemical storage is a very effective means of storing energy. The charge can be held for
days, if not months, and if cheap materials are used, the system can be fairly inexpensive.
But scaling batteries into larger systems is difficult and often results in stacks of smaller
batteries connected in series or parallel, such as was done with the lead-acid battery
constructed in CHINO, California, and shown in Figure 5.1.
Figure 5.1: Lead-acid battery electricity storage facility in Chino, California.
A) Stacks of batteries and B) the outside of a 10 MW facility [42].
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A small number of lead-acid battery facilities for grid-power applications have been
constructed around the world. Costs vary considerably based on the expected use and
ratio of power capacity to energy capacity, as shown below in Table 5.1. As a reminder,
the price of the proposed technology was estimated at $120-170/kWh.
Plant Y(ear of Rated Rated Cost in Cost in
Narne & Installation Energy Power 1995$ 1995$
Location (MWh) (• MW) ($/kW) ($/ik Wh)
CHINOCHINO 1988 40 10 805 201
California
HELCO
Hawaii 1993 15 10 456 304Hawaii
PREPA
Puerto 1994 14 20 239 341
Rico
BEWAG
Berlin 1986 8.5 85 707 707
VERNON
1995 45 3 458 305
California
Table 5.1: Lead-acid battery energy storage facilities throughout the world 142]
In addition to energy cost constraints ($/kWh), current solid-state batteries can not meet
performance characteristics required for daily use. Lead-acid batteries can only undergo
a few hundred (perhaps up to 1,000) charge-discharge cycles [42], and thus have a very
limited cycle-life. Additionally, they do not respond well to fast charging or discharging,
which lowers their efficiency and reduces their lifespan. This makes conventional battery
technology ineffective at load-leveling.
'e3' is an emerging technology that combines the power and reliability of a capacitor with
the storage capacity of a typical battery, but this technology is not yet proven in the
market and it is predicted that they will not be able to meet the cycle-life requirements,
nor provide the 8 hour of charge required; however, it would be wise to follow its
development.
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Barring the success of emerging lead-acid batteries with extended lifecycles, this
conventional technology is not expected to meet the cycle-life requirements for T&D
upgrade deferral and is therefore not considered a competing technology.
5.2 Pumped Hydro-Storage
Pumped hydro-storage is currently the only economical method of storing large amounts
of electrical energy for load-leveling. Over 5,000 MW of capacity has been installed in
the US, including a 1,000 MW unit located a short distance from Boston on Northfield
Mountain [45].
Pumped hydro-storage uses a turbine to pump water up a hill. The water is held in a
reservoir at the top of a hill or mountain (typically requiring a flat top) some several
hundred feet above a lower reservoir (such as a river or lake). During the daily high
demand period, the water is released and the turbine runs in reverse to generate
electricity. This storage method is 70-80% efficient, and costs are estimated at $600-
$1,500/kW [51], or $75-$188/kWh for an 8 hour charge. Expanding the reservoir for
increased storage capacity is inexpensive; however, it is not of much use to expand the
discharge capacity to beyond 8 hours.
Most of the pumped hydro units in the US were built in the 1960s and 1970s to
compliment the expected nuclear-dominated electricity generation power infrastructure
(nuclear power plants output a constant power level and are thus unable to meet
fluctuating demand without supporting storage technologies). Huge capital costs and
long payoff periods make this type of technology unappealing in a deregulated system,
but an extensive cycle-life (10,000s) and small upgrading and maintenance costs make
these systems viable over their lifespan. Europe currently has 10% energy storage
capacity, and Japan has 15%, compared to 2.5% for USA [47].
Although this technology is proven, reliable, and has been shown to pay for itself, it
ultimately has one major disadvantage - it is geographically limited. Pumped hydro-
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storage requires a large and unpopulated mountain with a flat top near an urban setting
and close to existing transmission lines. This makes it difficult to site and limits the
number of facilities that can be built in a given area.
Despite its success, pumped hydro-storage is not considered to be a competing
technology because it is geographically limited and can only compete in the load-leveling
market.
5.3 NAS Advanced Battery
This technology provides approximately 2 V per cell and is rated to undergo 4,500 cycles
at 90% DOD (depth of discharge), providing a lifespan of 10 - 15 years. Operating at
approximately 75 - 80% AC-AC efficiency, this system has been proven to be the most
reliable and it is the most widely adopted electrochemical storage technology for large-
scale grid power applications [48].
This battery technology was developed along with other advanced batteries (other
batteries failed to reach commercialization) in the 1960s and 1970s after the first oil
'crisis'. However, this technology was designed with an automotive application in mind,
so it has limitations when applied to large-scale grid power storage.
Despite being conceived for a different application, NAS advanced batteries are the
closest competitor to the proposed system. The two active electrode materials are
sodium, Na, and sulfur, S, hence the products name, NAS. Similar to the proposed
system, these components are molten during operation. Other components include solid
aluminum and graphite current collectors and a corrosion resistant P"-alumina solid
electrolyte that give the system impressive characteristics. The system is shown in
Figure 5.2A. Figure 5.2B shows the system setup, with many cells combined to provide
enough power and energy for grid-power applications. The system operates at an
elevated temperature, so a thermal enclosure is required.
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Figure 5.2: Sodium-sulfur (NAS) advanced battery. A) Single sodium-sulfur
cell, and B) the arrangement of many cells making up a battery module [49].
The design of this advanced battery technology includes a ceramic p"-alumina (alumina
infused with Na atoms) solid electrolyte that allows for usually high conduction of
sodium ions but does not conduct electrons. Molten sodium is ionized at the electrolyte
interface where it passes through the electrolyte and reacts with sulfur gaining electrons
and producing sodium-polysulfide (Na2Sx, x > 2). (A metal insert is included between
the sodium chamber and the electrolyte to prevent catastrophic failure in the event that
the electrolyte cracks. Sodium passes through small holes in the bottom of the metal
insert to reach the electrolyte). Sodium, sulfur, and sodium-polysulfide are all liquid at
the operating temperature of 300-350TC. Because there is no phase change and the solid
components are very corrosion resistant, this technology has an extensive cycle-life and
lifespan. However, the solid electrolyte is susceptible to thermal shock, and as such, great
care must be taken to ensure the temperature doesn't change too rapidly.
In addition to its susceptibility to thermal shock, the solid ceramic p"-alumina electrolyte
is also difficult to manufacture in thin cross section while maintaining structural strength;
this limits the size of individual cells. A thin electrolyte will increase the ion flux, thus
increasing the current; however, large ceramic bodies of thin cross section are difficult
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and costly to manufacture leading to a tradeoff between low resistance, ease of
manufacturing, and reliability. If the proposed technology can use alumina bricks instead
of an alumina sheath, the system will have an immense advantage over the NAS system
in its resistance to thermal shock, and potential for much lower cost.
Due to the size limitations of the solid electrolyte, the units are assembled into long
cylinders, and many cylinders - over 20,000 cylinders per MW - are required. The
immense number of cells required for a moderate system increases the cost of production.
Great strides have been taken to increase the size of the electrolytes, but developers have
been working on this problem for many years and it is unlikely that the size of individual
cells will increase significantly.
The other challenge of the NAS system is its sulfur electrode. The non-conducting sulfur
mixture requires a complex electrode surface to maximize the 'triple-phase' boundary
between sulfur, the current collector, and the electrolyte. The sulfur and polysulfide
mixture is held in a carbon-sponge matrix, thus allowing for an adequate triple-phase
boundary. The electrode is susceptible to corrosion and is more difficult to manufacture
than a solid metal current collector.
Despite the challenges associated with the solid electrolyte and sulfur electrode, the
system has proven to be very reliable and less expensive than competing technologies.
Additionally, systems take only 3 months to construct, providing a quick fix solution for
utility providers. This system has been heavily adopted by the Japan, with over 150 MW
of installed capacity. Even the US is adopting this technology with the first MW capacity
unit currently installed in Columbus, Ohio in the September 2005. It became operational
in July 2006 [15].
The price of a complete NAS system is estimated at $200-$250/kWh (including power
electronics) [15], despite the use of inexpensive and abundant materials. The reason for
the price is suspected to be due to the solid electrolyte, carbon sponge matrix, and large
number of cells in each module.
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NAS advanced batteries meet the performance requirements for moderate size (1-10
MW) grid power applications. However, a sulfur electrode and solid electrolyte limit the
size of each cell, resulting in a high cost. The proposed technology is predicted to
circumvent these design limitations allowing for greater scalability and lower cost.
5.4 Emerging Technologies
In addition to conventional energy storage methods described in the preceding sections,
there are a number of emerging technologies that could evolve to compete in the grid-
power applications.
5.4.1 Flow Battery
Flow batteries have been around for many years, although they have not had much
market traction. Four types of systems exist today - vanadium redox, zinc bromine,
polysulfide bromide, and cerium zinc.
The systems all operate by storing and releasing energy in the form of reversible
electrochemical reaction between two electrolyte solutions. Different oxidation states of
a water soluble compound (such as vanadium) allow an aqueous solution to hold charge.
In such systems, the power capacity (kW) is separated from the energy capacity (kWh)
and each subsystem can be individually upgraded to meet market demands. A few such
systems have been built around the world, and system cost estimates range from $300-
$1000/kWh, with efficiencies approaching 80% [45], though existing systems seem to
operate at closer to 65% [50]. The largest cost component is attributed to the large
storage tanks required to hold the dilute aqueous solution, and it is not expected that the
cost of this component will drastically decrease. Additionally, the storage tanks occupy a
large area, giving the system a larger footprint than NAS batteries.
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Although flow batteries are conceptually very simple, getting them to work in practice
has been very difficult. The greatest hurdle has been incorporating them with supporting
power electronics. As mentioned before, integrating power electronics with a large-scale
battery system is the single largest challenge facing emerging battery technologies [15].
Previous demonstration models have had great difficulty proving their reliability. A
higher cost, larger footprint, and unproven market performance make flow batteries less
appealing than NAS systems.
5.4.2 Mechanical Flywheel
Large flywheels can be rotated at high velocities to store electricity in the form of kinetic
energy, usually by rotating a large steel drum/disk at very high rpm
(10,000 - 100,000 rpm). Some advantages over pumped hydro include an immediate
response, which makes it applicable for UPS applications, but short discharge periods
make it unsuitable for applications requiring more than one hour of discharge capacity.
In order to have a high efficiency, magnetic bearings, and a vacuum sealed system are
employed to reduce frictional resistance. Cost estimates for this type of system are near
$450/kW [51], but long lifecycle and negligible maintenance costs make this technology
competitive for specific applications that require a reliable back-up system [45] or
applications requiring frequent discharging.
One advantage of flywheels is that they can be charged and discharged thousands of
times. This is one of their advantages over current battery technologies; however, most
back-up power systems require infrequent use, so cost is the primary characteristic for a
back-up power system.
Flywheels developed by Beacon Power are being considered for a 20 MW frequency
modulation plant in California. Revenue will be generated by competing in the frequency
regulation market which requires shorter discharge durations (15 minutes) than load-
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leveling or T&D upgrade deferral applications (6 - 8 hours). Due to their limited
discharge capacity, flywheels are not considered to be a competing technology.
5.4.3 Compressed Air Energy Storage
CAES (compressed air energy storage) is an emerging technology that is likely to
compete with pumped hydro in the load-leveling market.
CAES works by pumping air into underground caverns, storing energy in the form of air
pressure. During a period of high demand, the pressurized air is run through a turbine
which generates electricity. This may involve pumping air into abandoned mines, or
more likely, into subterranean salt domes. The benefit of this storage method is that the
storage container (the cavern), and the storage material (air) are both "free" (assuming the
underground storage cavity already exists). The primary cost will be drilling down to the
salt dome, or retrofitting the entrance to such a cavern, as well the cost of the turbine.
Current CAES systems are actually hybrid power-storage/generator facilities because
they compress air in salt domes over night, then used the compress air to aid in running a
conventional natural gas turbine. These units do consume electricity at night and return it
during the day, but they also burn natural gas. Systems that do not use fuel have been
designed, but they have not been used in practice.
For locations that do not have appropriate geological features to act as the storage tank,
metal storage tanks can be used, but these are very expensive and occupy a lot of space,
thus increasing their footprint beyond what is acceptable for T&D upgrade deferral
applications.
Ultimately, CAES systems are geographically limited, so this technology it is not viewed
as a competitor in the T&D upgrade deferral markets.
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5.6.4 Super-Conducting Magnetic Energy Storage
Super-conducting magnetic energy storage (SMES) stores energy in the magnetic fields
generated by the flow of current in a cryogenically cooled superconducting material.
Such systems require an extensive refrigeration system, heavy insulation, and expensive
materials. Even still, the fast response time and power density make it appealing in some
UPS applications and it is estimated that 100 MW of SMES capacity exists throughout
the world. The system cost is estimated at $509/kW [51], but they can only supply power
for a very short period of time, so similar to flywheels, they are not applicable for long
term (>1 hr) energy storage [45].
5.6.3 Ultracapacitors
Capacitors have long been used to store electrical energy in the form of electrical charge.
There are many advantages of this technology, including very high power density, long
lifespan, shock resistance, and an ability to function over a wide temperature range.
However, capacitors lack the ability to store very much charge. Capacitors store energy
as electric charge (electrons) on either side of a non-conducting surface, so the charge
density is proportional to the surface area of this interface. The most advanced capacitors
- Ultracapacitors - are used in specific applications like support for fuel cells in the
transportation sector; however, even these advanced units can not compete with the
energy density of today's lithium-ion batteries.
Today's advanced Ultracapacitors cost $300/kW, but their low energy density increases
the energy storage cost to $3,600/kWh [51], making them unsuitable for many grid-
power applications.
John Schindall and his researchers at MIT suggests that carbon nanotubes can be used to
greatly increase the effective interface surface area, thus allowing Ultracapacitors to store
a great deal more energy than previously possible, while maintaining all of the benefits of
conventional capacitors, such as high power density and long lifetime [52]. But like most
advanced technologies (especially those attempting to utilize carbon nanotubes), it is
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unlikely that this will decrease the cost of such system. Although this technology may be
able to penetrate the portable electronics market, the most important property of a grid-
power energy storage device is low cost, and it is unlikely that capacitors will be useful
for long term (> 1 hr) electricity storage.
5.7 Summary of Competing Technology
There are many ways to store electrical energy, but only a few have the ability to store
large quantities at a reasonable cost, making it appropriate for load-leveling type grid
power applications.
Mechanical flywheels, Ultracapacitors and SMES have limited energy capacity and are
unlikely to compete in applications requiring 6 - 8 hours of storage. CAES and pump
hydro-storage are promising technologies for grid power load-leveling; however, their
large footprint and geographical limitations make them inappropriate for T&D upgrade
deferral.
Therefore, the only technologies that can compete in applications requiring hours of
storage capacity with a limited footprint are ones based on electrochemistry - namely,
conventional lead-acid batteries, flow batteries, and NAS advanced batteries. Of these,
only NAS has the proven reliability, required cycle-life for daily deep-discharges, and a
small enough footprint.
If the proposed technology reaches its performance goals at the price discussed in this
report, it is likely that it will cost much less than NAS systems, giving it a definite
advantage in the market of T&D upgrade deferral.
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Chapter 6 - Intellectual Property
There are two key components in the proposed system. Firstly, the system utilizes three
liquid-layers, enabling fast kinetics, unconstrained by at a solid phase as are most battery
technologies. Secondly, a metalloid was selected to act as the anionic species in the
system, allowing both molten electrodes to conduct electrons. Surprisingly, there is little
intellectual property in this area, so analysis in this area is limited to a few related patents.
There are many battery patents, but there are none that directly overlap with our
technology, as depicted in Figure 6.1.
Battery Patent Space
Liquid electrodes,
liquid electrolyte
Solid electrodes Empty!
S, and solidConventional \ lectrolyte
batteries:
solid electrodes, 1 -
liquid electrolyte / Liquid
/ anode/cathode,
. solid electrolyte
Figure 6.1: Depiction of relevant patent space.
Some related patents were found and are discussed below.
French Patent, 1974, #2206593
The cell proposes a system with a semi-metallic cathode M, (M=Sb, As), and a Li anode,
forming Li3M, where the electrolyte is a Li compound in an organic solvent. This system
implies that Li and M are in solid form (the design calls for concentric cylindrical
electrodes separated by a porous material that will hold electrolyte). Like current
batteries, the kinetics of this system are constrained by at least one solid phase.
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German Patent, 1976, #75-2516703
A non-aqueous electrolyte battery using a light-metal anode and an Sb-oxide cathode is
proposed. The patent also specifies a glass-fiber fleece separator, and a propylene
carbonate (organic) electrolyte. Although there is no direct mention of the phase of the
components, the oxide cathode is undoubtedly a solid. Our system will be self-
assembling (therefore not requiring any separator), and operate at a high temperature
using a non-aqueous, non-organic electrolyte.
Many other patents exist for various chemistries involving a solid-state anode and
cathode. Other patents cover the sodium-sulfur NAS cell, but these cells use a solid-
electrolyte and are not self-assembling.
It was somewhat surprisingly that no patent was found that specified the general use of an
entirely molten system. This suggests that no one has previously conceived such an idea,
or that the general idea was conceived, but a working system was not developed so very
few patents have been applied in this area. At the very least, the author was confident
that there were no patents that specify the chemistry discussed in this report that operate
at elevated temperatures with a molten anode, molten cathode, and a molten electrolyte.
Patent protection is being sought for the proposed technology. The patent is titled "High-
Amperage Energy Storage Device" and a provisional application was sent to the US PTO
in August 2006. The inventors are Donald R. Sadoway, Gerbrand Ceder, and David
Bradwell.
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Chapter 7 - Financing and Business Model
The proposed technology is still in its infancy. If research proves that it has the potential
to meet performance characteristics and cost constraints outlined in this thesis, a
considerable commercial opportunity exists.
The power industry is renowned for being hesitant to adopt new technologies. Those that
experimented with large-scale storage facilities were often unsatisfied with its
performance (such as the lead-acid facility in Chino, California). For this reason, it is
likely that this technology will take a number of years before it becomes widely adopted
in the market. If NAS can obtain commercial success in US over the next few years, it
will help storage technologies gain acceptance within industry and encourage power
companies to try new forms of storage.
Before the proposed system will be considered by power companies, two or more
demonstration models must be operate successfully during peak seasons of the year.
Early stage demonstration models may be funded by an invested power company, or by
governmental agencies, such as the Massachusetts Renewable Energy Trust.
There are a few paths to commercialization. The product could be licensed to an existing
company; however, most firms don't invest in technologies that are in such an early stage
of development, and since very few firms work with high temperature electrolysis, it is
unlikely that they will want to delve into a technology that is completely foreign to them.
It may be possible to partner with a company from the aluminum production industry that
deals with similar system; however, they will have limited experience with grid-power
applications, so they may not be interested in entering into an unfamiliar market.
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The last option is to spin out a startup company. Most successful startup companies
require the involvement of at least one of the inventors, giving potential investors'
confidence that the inventor(s) believes in the commercial viability of the technology.
The author and his co-supervisor, Donald Sadoway, have expressed great interest in
pursuing this option if the technology can be proven in the laboratory. As a result from
discussions with Ali Nourai of American Electric Power (AEP), it is recommended that
the startup company develop a close partnership with a power electronics firm to assist in
integrating the technology with supporting electronics.
An advisory board should be set up to help guide the business and technological focus of
the company. Advisors would likely include the co-inventors of the technology (Donald
Sadoway and Gerbrand Ceder), and an experienced entrepreneur in the power industry
would be of great value. Other advisors could include individuals from the metal
smelting industry, a power electronics company, power producing facility, wind turbine
technology and the electricity market system operator (i.e. ISO New England). Advisors
with significant involvement may be compensated with shares equaling 0.5 - 1% of the
company. They may also have the ability to purchase shares of the company to help
provide capital.
The timeline for this technology is very much dependent upon the success of laboratory
research. A rough timeline has been developed, assuming the technology can be proven
within the next year.
2006
* Fall: Begin research to prove technology. Network to find other individuals to be
part of the startup
2007
* Spring: Incorporate the company. Establish licensing agreements with MIT.
* Summer: Finalize proof-of-concept system. Fundraise.
* Fall: Publish paper of new technology to gain public attention.
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2008
* Winter: Establish research and development facility.
* Spring: Develop and build first demonstration model.
2009
* Spring: Install first demonstration model - have it operational by summer.
* Fall: Build second demonstration model.
2010
* Spring: Install second demonstration model - have it operational by summer.
* Summer: Demonstrate both models
* Fall: Begin commercial sales of product.
As commercial models are sold beyond 2010, it is recommended that a recycling facility
be set up to reuse materials from spent systems, thereby reducing the raw materials cost
for new systems, and protecting the environment against careless disposal of potentially
toxic substances.
Since this is a new technology, it will be unlikely that much of the development can be
outsourced. Early work will focus of refining the chemistry of the electrolyte and
electrodes, selection of corrosion resistant materials, and proof of the performance
characteristics. Further development may benefit from outsourcing construction of the
solid state components, and production of the molten precursors. Assembly is likely to
occur within the confines of the startups facilities. This combination of outsourcing and
in-house design/manufacture will keep the capital funding requirements to a minimum
while utilizing the expertise of proven companies.
In summary, a small team of dedicated individuals with an advisory board should be able
to develop the company into a successful venture. The business model will combine
some fabrication steps, with some outsourcing in order to maximize profit margins and
keep capital costs low. Intellectual property rights and technological advantages will
allow this technology to be sold at a fair profit margin, and low overhead will keep the
burn-rate low and sustain the company while it is developing.
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Chapter 8 - Conclusions
Diurnal electricity demand fluctuations stress grid power systems, creating predictable
market volatility that can benefit from large-scale electricity storage. The price of
electricity is related to the cost of fossil fuels, so as these prices rises, so does the cost of
electricity, providing further incentive for a load-leveling device. Renewable energy
sources may play an increased role in a restructure power infrastructure, but broad-scale
deployment is impossible without large-scale storage.
Unique and novel features make the proposed technology well suited for large-scale
electricity storage applications. Conventional battery technologies are constrained by ion
transport across at least one solid phase. The proposed three liquid-phase cell facilitates
high diffusivity and facile interfacial kinetics, which results in rapid ion transport and low
activation overpotential. In addition to the extremely high current density enabled by the
absence of solid-liquid interfaces, this configuration represents a robust design that can
be easily manufactured. Another key feature is that a molten metalloid was selected as
the positive electrode, while an alkali or alkaline earth metal was selected as the negative
electrode, providing two electronically conductive molten electrodes.
One embodiment comprising electrodes of magnesium (negative) and antimony
(positive) and a molten sulfide supporting electrolyte were selected based on their cost,
density, liquid temperature range, and electronegativity. This model system served as the
basis for a detailed feasibility assessment. Other candidate negative electrode materials
include zinc, cadmium, or other alkali or alkaline earth elements, while bismuth,
tellurium, or arsenic may replace antimony as the positive electrode material. The
supporting electrolyte was seen as a key component of the system, suggesting that future
research must focus on finding a mixture of compounds that has a low enough melting
point and can dissolve/ionize a suitable amount (> 10 mol%) of the active cell feed,
123
namely, Mg3Sb2. Supporting electrolyte compounds were selected based on their redox
potential, density, cost, and ability to dissolve the cell feed; candidates include Na2S,
MgS, Li2S, K2S and CaS. Finding a suitable electrolyte is crucial to the success of the
technology as it will help determine the current density, height of the system, and the cell
potential. An operating temperature of 7000C was selected and the cell was predicted to
supply 1-5 A/cm 2 at 0.9 V. These values were estimated from theoretical calculations,
literature research, and comparison to analogous systems.
Potential materials were investigated for the solid-state components of the system.
Materials were chosen based on their corrosion resistance, mechanical stability at the
operating temperature, and cost. Steel is an excellent current collector material for the
magnesium electrode, although it may not work as well in the antimony electrode due to
alloying. Graphite or conducting oxides may be used in such a case. Two options were
considered as housing for the molten components - a ceramic alumina sheath, or alumina
bricks. The alumina brick design required a larger unit cell (> 2 m x 2 m) and also
limited the spacing of adjacent cells as the exterior of each cell must be cooled; however,
this design was more resistant to thermal shock and also provided some of the required
insulation, which made it a very appealing option.
Insulation was required to keep the cell at its elevated operating temperature. System
inefficiencies generate a large quantity of heat that must be dissipated, thus limiting the
required insulation. For a system operating at 80% cycle-efficiency at 7000C,
approximately 130 cm of alumina bricks, or 13 cm of perlite powder was required
(depending on the size of the system).
Systems with an AC-AC cycle-efficiency lower than 75% will be difficult to run
profitably at current electricity costs. This will likely limit the current density to 1 A/cm 2
or less, but it will also limit the system design, such as the number of cells that must be
connected in series. In any case, a DC-DC cell efficiency of 80% is required.
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In addition to potential voltage loss within a battery unit, inefficiencies are inherent in the
supporting power electronics, such as a DC-DC or an AC-DC converter. The efficiencies
of these systems are proportional to the current, not the voltage. A system with only one
large cell would provide a large current, but a small voltage (0.9 V). To obtain the
required system efficiency, it is suggested that tens of volts (requiring dozens of cells in
series) be supplied to a DC-DC converter which will increase the voltage to 600-700 V to
allow the AC-DC converters to run at 95% efficiency.
Connecting cells in series may limit the maximum size of each cell, reducing the appeal
of the alumina brick design. Additionally, there are many problems associated with
connecting cells in series. Industry representatives stressed that integrating a battery
system with power electronics is often the greatest challenges facing emerging storage
technologies, so early stage partnership with an established and reputable power
electronics firm is essential to the success of such a venture.
The system will require a footprint of 4.5 - 110 m2/MW, depending on the number of
cells that can be stacked atop of one another, the current density, and the cell voltage.
The robust self-assembling three liquid layer system is expected to provide >3,000 cycles
at >90 % depth of discharge, enabling 10 - 15 years of daily use. An AC-AC efficiency
of 70 - 80% is predicted, with 4 - 10 hours of discharge capacity (designed to
specification') and a discharge time less than 100 ms.
Conservative and optimistic cost models were developed based on the two system
designs (ceramic sheath vs. alumina bricks). A DC-battery system was estimated to cost
$35-60/kWh. An AC-compatible system would also require power electronics, at a cost
of $50/kWh. With 50% gross margin on the battery unit, the price of an AC-compatible
system was estimated to be $120-170/kWh. The price of a DC-battery system was
estimated to be $70-120/kWh.
Various grid power applications were analyzed. It was found that a stand-alone, load-
leveling device provided minimal potential revenue in the New England (USA) market,
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requiring 15 years to pay off the capital cost. Even if the price were reduced to $75/kWh
(power electronics cost $50/kWh), the system would still take 7.5 years to pay off.
Without storage, intermittent renewable energy sources cannot be broadly deployed.
Luckily, photovoltaic cells and modem wind turbines already use AC-DC converters, so
a partnership with these renewables is appealing; however, markets with less than 10% of
their power sourced from renewables provide minimal market incentive to invest in
storage.
Transmission-line and distribution-system (T&D) upgrade deferral was the most
appealing market for the proposed technology. These system required performance
characteristics similar to a stand-alone load-leveling device, but meet a much more
specific market demand; namely, increased reliability and immediate support to strained
systems that may require years to upgrade. For example, transmission lines that are
operated beyond their rated capacity can overheat and melt, causing the whole line to fail.
This application requires a storage systems to have a limited footprint (estimated at
<100 m2/MW), 75% AC-AC cycle-efficiency, require no maintenance or permanent staff,
and a 3 - 6 month ordered-to-installed timeframe. The unit must also be a turn-key
solution and must re-locatable 2 - 3 times over a 10 - 15 year lifespan. Units for
distribution systems should be 1 - 10 MW, while units for transmission lines should be
10-100 MW, though power companies will not invest in larger units until small units
have proved themselves. A unit of the size of 0.5 - 1 MW is suggested as an early stage
demonstration model. Current sales for this application are minimal, mainly due to high
cost and low reliability of existing systems, but if the price can be brought down to
$150/kWh, a system will receive extensive market adoption. At an estimated price of
$120-170/kWh, the proposed technology is expected to meet the price constraints of this
application. The market is estimated at $12 billion in the US alone, but is unobtainable
by current technology, suggesting that the proposed technology could obtain the majority
of this untapped market.
Customer energy management systems, such as an Uninterruptible Power Supply (UPS)
was also an appealing application. Market value was similar to that of T&D upgrade
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deferral, but the market size was estimated to be significantly smaller (only a few
potential clients in the Boston area, for example).
Other technologies can meet some of the market needs, but none can meet all of the
requirements for T&D upgrade deferral at a cost that industry is eager to accept. Pumped
hydro-storage is the only economical stand-alone, load-leveling device, but large capital
costs, large footprint, and geographically limited locations limit its deployment. Similar
arguments were made about compressed air electricity storage. Mechanical flywheels,
super-conducting magnetic electricity storage, and ultracapacitors can not provide the
hours of discharge required for the markets of interest. Although conventional batteries
are relatively inexpensive, limited cycle-lives make them ineligible for applications
requiring daily deep discharges. NAS and flow batteries appeared to meet all of the
market constraints; however, the latter technology has encountered many difficulties in
integrating with power electronics and is so far unproven in practice. It also requires a
larger footprint than NAS. NAS can meet the market requirements, providing a
10 - 15 year lifespan. However, this technology is susceptible to thermal shock (due to a
fragile ceramic electrolyte) and costs $200-250/kWh - this is the upper price limit for
T&D upgrade deferral.
At the time of submitting this thesis, the patent process was underway. Initial laboratory
experiments will be performed throughout the following year to determine performance
characteristics and design constraints.
Some preliminary work was done to estimate a timeline for commercialization. If the
technology can be demonstrated in the laboratory within a year, two demonstration
models must be built and tested for two peak seasons before large-scale commercial
models will sell. If such a plan is executed beginning in fall 2006, this would
optimistically result in the commencement of commercial sales by 2010.
The proposed technology provides a unique electricity storage method. The simple yet
robust design is expected to keep costs low and provide 10 - 15 years of reliable service.
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Many hurdles face this technology; however, much effort was taken to accurately
estimate the cell's performance and evaluate its commercial viability. If the technology
lives up to its expectations, it will enable large-scale storage to improve the reliability and
quality of grid power and allow for broad-scale deployment of intermittent renewables.
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Appendix A: Cost Model
The cost model was developed in Microsoft Excel. The first page showed the input
variables as well as the resulting cost (at the bottom). Input variables cells are shaded.
ODeratino Conditions
Operating Temperature : 0:C
Temperature Range: 700-900 :C
Current Density : Arcmn'Charge Period ý" hr
Internal Chrg;Dischrg Efficiency !iiiii S
Power Electronics Efficiency • V'S
Physical Properties
Cell Inner Width 0$ m
Cell Inner Length 9 m
Cells per Stack cells
Electrode Thickness 0l, m
Wall Thickness m
Insulation Thermal Conductivity , tjiI WV m K
Sheath thickness 1101 m
Insulation Thickness ..
Cell Wiring Width .. m
Chemical Purity Levels %
Gas Layer Thickness m
Seal Thickness iA cm
Electrochemical Properties of Active Salt
Act. e Speces Mg.Sb2AG of .Actkie Sat 237, kJimolNuim•er o' Electrons 6:
t!!¶oia- .Mas 316.5 g/mol
Heat Capaci.y 155 J'rnoi K
Denst• 3900, kgim'
Cost Model Scenario
o for Coinseta'e  : for Opfr'skc 4iri¼ t4;":
Discount Factor
Con ••se e •a E •,ýI: .
Price of Alumina
Conse ... tie.. . . .. /kg
Optimistic kl . ..
Construction Cost
Co nse'ati• ea• hi,,, t . cell
$53' icell
Cost of Steel
Conse aivi k
1.501;kg
IElectricity Load-Leveling Market Conditions I
Avg. High Price
Avg. Low Price
Discharoe Period
$99 ;MWh
551 iMWh
8.0 hr
Resulting Revenue Potential
Load-Leveling Re,. enue $10,007 GTh.Y,,'.r
Reserie Revenue $36,000 4i'VVir
Resulting Stack Electronic Properities
Overall Efficiency 80 .
Cell Potential 0.90' V
Stack Power 2.250 kW
ReQuired Actire Sat :32 moles
Heat Production 16.200 kJiday
Adiab. Temp. F'iuct. 3;jCda.
Thermal Energy Loss 9.7 kWh/day
Thermal Energy Loss 0: % of daily
Density
Power Density. 5.3: Wikg
Specific Power 12.0 'N/m
Power Area Density :G kVYi,'rnEnergy Density 42 Wh.kg
Specific Energy 120 'hi;iN'm
Energy Area Densiy o80 BK'm
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Resulting Physical Characteristics
Electrodes per Stack 2
Stack inner Height 0.51 im
Stack Outer Height 0.7: m
Stack Outer Width 0.53 m
Stack Outer Length 0,53 m
Hieght Per Cell 0.47 m
Stack inner S. Area 2 r
Stack Voiume 0.19 •n
Max Anode Thickness T7.4 cnmcei!
Max Cathode Thickness 6.3 cn•ceil
Max Sat Thickness 14.0. cm'ceil
Supp. Sat Thickness :25 cfvcelli
Hegkht change of liqui' -0.87%
Gas Expansion Factor -15. 3
Cost of Mg-Sb Cell
Cost 5997 istack
Cost per kW 443 IkW
Cost per kWh $565 kWh
The heart of the cost model is where all of the input data is accumulated, as shown below.
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